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Abstract 
 
 
The efficient encapsulation of active ingredients within formulated products and their 
controlled, targeted delivery to the sites of action, is very important to a range of 
industries such as pharmaceuticals, agrochemicals, home and personal care and 
cosmetics to name but a few. By successfully stopping the release of active chemicals   
and triggering their release where and when they are needed, product efficiency can be 
improved which reduces the required dose, lowering costs, environmental impact and/or 
side effects. Such active chemicals include pharmaceutical drugs, pesticides, fragrant 
and flavour oils, enzymes, vitamins. 
 
Encapsulation and full retention of small molecular weight actives is a particularly 
challenging task that remains unsolved by current technologies used in industry and 
academia. In particular, certain everyday product formulations provide difficult 
environments in which preventing active leakage through capsule walls is not feasible. 
For example, a continuous phase that can fully dissolve an encapsulated active will 
typically force full release over a fraction of the intended lifetime of a product. This is 
due to the inherent porosity of polymeric membranes typically used as capsule wall 
materials in current technologies. In this work, a method for preventing undesired loss 
of encapsulated actives under these extreme conditions using a simple three step process 
is developed. The developed methodology forms an impermeable metal film around 
polymer microcapsules, prevents loss of small, volatile oils within an ethanol 
continuous phase for at least 21 days while polymeric capsules lose their entire content 
in less than 30 min under the same conditions. Polymer shell−oil core microcapsules are 
produced using a well known cosolvent extraction method to precipitate a polymeric 
shell around the oil core. Subsequently, metallic catalytic nanoparticles are physically 
adsorbed onto the microcapsule polymeric shells. Finally, this nanoparticle coating is 
used to catalyse the growth of a secondary metallic film. Specifically, this work shows 
that it is possible to coat polymeric microcapsules containing a model oil system or 
typical fragrance oil with a continuous metal shell. It also shows that the coverage of 
nanoparticles on the capsule surface can be controlled, which is paramount for obtaining 
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a continuous impermeable metal film. In addition, control over the metal shell thickness 
is demonstrated without altering the capability of the metal film to retain the 
encapsulated oils. 
In addition, a method to grow a continuous, non-porous metallic film directly onto  
nanoparticle stabilised Pickering emulsion droplets is demonstrated, negating the need 
for an underlying polymeric shell.   
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1 Introduction 
 
 
1.1 The challenge  
 
The efficient encapsulation of active chemicals with an associated controlled (and 
targeted) delivery is increasingly important to a range of industries [1-6] [Figure 1]. The 
targeted delivery of actives using microcapsules provides potential benefits for many 
applications, for example in pharmaceutical or agrochemical formulations by lowering 
the required dose in the final product. This has obvious cost benefits and importantly, 
lower doses can reduce or eliminate detrimental side effects. Whilst microencapsulation 
techniques are increasingly used for specific actives such as fragrances in personal care 
products, insecticides in agrochemicals, neutraceuticals in foods, and drugs in 
pharmaceuticals, there remain significant limitations for both the types of actives that 
can be encapsulated, and the characteristics of the release profile that can be achieved.  
 
 
Figure 1 Diagram showing some of the many industrial applications of micro encapsulation. 
 
Numerous methodologies for encapsulating and delivering specific actives (cancer 
drugs, pesticides etc) have been reported in the academic literature [2, 7-13]. The 
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proposed methodologies have yielded increasingly functional microcapsules but often 
the complexity of the synthesis processes involved is a significant barrier to the 
implementation of these advanced delivery technologies in every day products. A 
particular area requiring improvement concerns the encapsulation and delivery of small 
molecules to which most typical microcapsule membranes (i.e. polymeric / particulate / 
lipid-based membranes) are highly permeable. In particular, small volatile compounds 
present a significantly difficult challenge when designing methods for controllably 
delivering such actives within formulated products. This is of specific relevance to the 
incorporation of fragrances and other small actives in personal care, cosmetics and 
home care products, for example. It is also important in a wide range of other areas 
(pharmaceuticals, foods) where the delivery of small actives (e.g. drugs, vitamins) is 
important. Arguably, the key challenge to using microencapsulation as an efficient 
delivery route for such small, volatile actives is the ability to retain them within the 
carrier capsule without (a) leaching and (b) potentially damaging interaction with the 
environment. In this work, a method was proposed that tackled this challenge by 
creating a microcapsule which is able to retain an encapsulated active in a continuous 
phase, in which the capsules are dispersed, that can also dissolve the encapsulated 
active. 
Several methods exist for significantly reducing the release rate of small, volatile 
actives from microcapsules and those have been applied on the basis of standard laws of 
diffusion through membranes. Fickian laws of diffusion [equation eq. 1] are typically 
used to describe the diffusion rate of an active ingredient permeating across a membrane 
as a function of time [14]. In the case of diffusion of an encapsulated active through a 
shell into the continuous phase, the following equation can be used as a basis for 
understanding the microcapsule characteristics that control the release rate. 
 
𝑑𝑐
𝑑𝑡
⁄ = 𝐴 ∗ 𝐻 ∗ 𝐷
𝐶𝑖𝑛𝑡 − 𝐶𝑒𝑥𝑡
𝑥
 eq. 1 
 
Where: 
𝐴 Surface area 
𝐻 Partition coefficient  
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𝐷 Diffusion coefficient 
𝐶 Active concentration 
𝑥 Shell thickness 
 
According to equation 1, the diffusion rate, 𝑑𝑐/𝑑𝑡, can be significantly reduced by 
minimising the relative solubility of the dispersed phase within the continuous phase 
[12]. Reducing the concentration difference between the capsule core and the 
continuous phase can also lead to drastically slower diffusion rates, but this does, of 
course, obviate the value of encapsulation. Thicker capsule shells will also have a 
beneficial effect but typically at the cost of reducing the volume of the capsule core, 
leading to smaller encapsulation efficiencies [12]. 
Such measures are often considered / applied but typically do not lead to complete 
retention of active species. In particular, when the active ingredients are highly volatile, 
the diffusion rates tend to be dictated by the volatility of the species and are typically 
very high [15]. The successful long-term encapsulation of volatile molecules requires 
different materials than currently used (organic shells) to create impermeable barriers 
that can arrest the diffusion of actives from the capsule core. For example, polymeric 
materials produce diffusion coefficients in the order of 10-8 cm2.s-1 for highly volatile 
small molecules [16]. These relatively high diffusion coefficients render most currently 
implemented encapsulation methods inappropriate to achieve full retention of such 
actives, particularly in an environment that is capable of dissolving them. For example, 
microcapsules for which the release of a specific active is tested (e.g. a dye with suitable 
solubility characteristics) typically demonstrate a full release of the encapsulated species 
within days, more often within hours [12, 17, 18]. On this basis, the author is not aware 
of any methodology described in the literature that has demonstrated the encapsulation, 
long-term (i.e. more than a few days), retention and subsequent delivery of small (i.e. < 
250 g.mol-1), volatile molecules.  
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1.2 General solution 
 
The peculiar requirements of highly volatile small molecules suggests that membrane 
materials such as amorphous/crystalline metals or inorganic crystals with very low 
diffusion coefficients (10-15 cm2 s-1) may be required in this case [19, 20]. Films of these 
materials are considered impermeable due to their crystalline nature [21]. Whilst some 
atomic species can over time permeate through a crystalline metal surface, [22]  a 
hydrocarbon chain larger than the atomic spacing and interstitial spacing within the 
crystal is unable to move through the lattice. Thus, metal films in the order of tens of 
nanometres in thickness are able to render the movement of small volatile molecules 
across the membranes negligible over the relevant timescales (i.e. those of product 
manufacturing, storage and use). Enabling the encapsulation of such small compounds 
could have very significant impact across many industries where active retention during 
product storage and triggered release during use (through mechanical action in this case) 
would be beneficial.  
 
Deposition of metal films from solution via standard electroplating techniques was 
considered an appropriate method due to the electric isolation of each microcapsule. 
Therefore an electroless deposition technique was used. Electroless deposition is a term 
first used by Brenner et al. [23] to describe the reduction of metal ions to metal atoms to 
form metal films without using an external source of electric current. This form of 
reduction is especially useful when attempting to form films on surfaces which are 
electrically isolated and is therefore suited to the creation of metallic films on individual 
microcapsules/emulsion droplets within a continuous phase. 
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1.3 This work  
 
This work reports a simple method to encapsulate low molecular weight volatile oils, as 
a proof of concept for the use of metallic microcapsule shells.  
The method described uses an oil-in-water emulsion as the precursor for a polymeric 
microcapsule. Extraction of a co-solvent from the oil dispersed phase induces 
precipitation of a polymer initially dissolved in the oil and formation of a polymer shell 
for the resulting microcapsules [24, 25]. This method typically allows for the production 
of systems with good control over shell thickness. However, such microcapsules are not 
suitable for long-term retention of small, volatile actives. 
The prepared polymer microcapsules dispersed in water are the basis for the next steps 
in the procedure, which creates impermeable microcapsule shells through the electroless 
deposition of a metal film. The second step in the procedure consists of metallic 
nanoparticle adsorption onto the microcapsule polymeric shells. In a third step this 
nanoparticle coating is used to catalyse the growth of a secondary metallic film reduced 
in-situ from the continuous phase [26]. Here the catalytic nanoparticles on the surface of 
the polymer microcapsules reduce the energy barrier for the metal salt reduction and 
thereby serve to localise the reduction of the metal salt on the microcapsule surface, 
which also drastically limits, and potentially negates, precipitation of solid metal in the 
continuous phase.  Figure 2 shows a schematic diagram of the complete production 
process (a-d) and corresponding optical and electron micrographs of examples of 
microcapsules produced in each stage (ai-di).  
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Figure 2. Schematic diagrams (a-d) and corresponding optical and electron microscopy images 
(a1-d1) of the different phases from emulsion droplet to metal coated capsule (a) emulsion droplet, 
(b) capsule, (c) capsule with adsorbed NPs, (d)  metal (Au) coated capsule, (ai) emulsion droplet 
(optical microscopy), (bi) capsule (TEM), (ci) capsule with adsorbed NPs (TEM), (di)  Metal 
coated capsule (SEM). The micrographs presented correspond to different samples and are chosen 
to illustrate the evolution of the systems over the different steps. 
 
The combination of the two metals for this work was chosen on the basis of existing 
methodologies for electroless deposition of metal films as described in the literature. 
Commonly authors have described the use of platinum or gold NPs as the catalyst for 
the electroless deposition processes which justifies our choice to base the development 
of this technology on using Pt-NPs as the catalyst followed by the growth of the gold 
film. We know this is a potential challenge with respect to translating the methodology 
to commercial products because of the costs associated with using these metals in the 
manufacturing process. Alternative metal combinations have also been demonstrated 
but control of the metal film characteristics is currently less advanced. Our research 
group is separately focusing some effort in developing this methodology for more cost 
effective metal combinations such as palladium, catalysing the growth of continuous 
copper or nickel secondary films.   
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1.4 Thesis structure 
 
Chapters 1-3 provide an introduction, literature review and materials and methodologies 
sections respectively. The schematic diagram, Figure 2a-d, showing the different stages 
from the formation of a liquid core gold coated polymeric capsule forms the basis for 
chapters 4-7 of this thesis. Chapter 4 focuses on characterising and understanding the 
formation of the oil core / polymeric shell microcapsules with a view to understanding 
core / shell volume ratios and dispersion surface areas so that expected primary NP 
surface densities and secondary gold film thickness can be calculated. In chapter 5 an 
analysis of the NP adsorption kinetics of the catalytic Pt-NPs is made. Chapter 6 goes 
on to look at the secondary metallic film growth mechanism and general morphology. 
Chapter 7 introduces and discusses a method for growing metal films directly on 
emulsion droplets and chapter 0 lists, with some discussion, potential future work.    
 
1.5 Aims and objectives 
 
The aim of this work is to develop a reliable, reproducible route to making nonporous 
microcapsules which are able to indefinitely retain small volatile molecules. In order to 
achieve this goal, complete metal films are to be grown around liquid core, polymer 
shell microcapsule chassis. 
On the basis of the methodology explained in section 1.3 above, the specific objectives 
of the work are based on the different steps involved in this method and are as follows: 
Synthesise robust microcapsules which contain highly volatile cores via solvent 
extraction as a template for metal film deposition. Characterise the resulting capsules 
and understand the process of formation so that variables such as core/shell ratio, core 
volume and sample surface area can be calculated and used in the rest of the work. 
Synthesise and characterise NPs dispersions which show good catalytic activity for the 
electroless deposition of metal. Optimise the adsorption characteristics of catalytic NPs 
onto both the capsule polymer shell and 2D model systems and demonstrate an ability 
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to control the nanoparticle surface density on the polymer, which plays a critical role in 
ensuring that the subsequent metal coating is continuous and impermeable. Analyse 
both the equilibrium adsorption and kinetic adsorption data using standard Langmuir 
adsorption theories and use these to determine a consistent value of the Langmuir 
adsorption equilibrium constant for the nanoparticle – polymer interaction. 
Use the catalytic NPs to grow, characterise and show control over secondary continuous 
metal films using electroless deposition. Analyse secondary metal film growth on both 
the 3D microcapsule surface and 2D model polymeric films. Show control over the 
metal morphology using variables such as reaction temperature, time, plating solution 
constitution and NP surface density. 
Finally, demonstrate the metal coated polymer microcapsules ability to encapsulate, 
over long time scales, low molecular weight, volatile molecules within a continuous 
phase that can dissolve the encapsulated molecules.  
 
 
1.6 Potential research impact  
 
This technology will initially be applied within personal care products at Procter and 
Gamble (P&G) however, the ability to encapsulate small volatile molecules may also 
make it extremely useful in other areas such as, agrochemicals, coatings, paints, self-
healing materials and pharmaceutical drug delivery (e.g. targeted cancer treatments). In 
addition to being able to encapsulate small molecules, the ability to build spherical 
metallic thin films with control over both the sphere size and shell thickness opens up a 
number of very interesting potential applications. At present, Industry has some 
difficulty making good quality homogenous metallic foams for light materials for use in 
the space industry as metal aerogels. This technology could solve a number of the issues 
which industry presently encounters. In addition to this, if metal shells were to be grown 
on polymeric particles with a tight size distribution the possibility of creating meta-
materials with highly unusual plasmonic / photonic properties could open up.  
Permanent encapsulation and retention of small volatile molecules has not yet been 
shown in industry or academia.  As such, the industrial sponsors of this PhD, P&G, 
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have filed a total of 9 patents on the technology. Leeds University has a licence free 
agreement to utilise all potential applications outside the small list of applications P&G 
have described in the patents. The intention is to form a platform technology within the 
university to exploit the technology and form links with other departments both at 
Leeds, other institutions and industries. This has the potential to generate new positions 
at Leeds and allow the team to realise some of the technologies described previously 
and others, as yet to be thought of. 
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2 Microencapsulation and small 
volatile molecules 
 
 
Microencapsulation is a technology which enables the protection of active materials 
which can be liquid, solid or gaseous within a protective shell or matrix. The isolated 
active can then be released via, for example, a chemical, pH, solvent or shear stress 
activated trigger or the active can simply diffuse through the shell over time. 
A variety of successful encapsulation methods have been used including coacervation, 
spray drying, inclusion complexation [27], co crystallization, freeze drying, fluidised 
bed coating, liposome entrapment and microencapsulation formation via emulsification 
[28]. Each of these techniques can be further divided into many subcategories. Several 
of these techniques are discussed later in this review and their various merits for 
encapsulation of small volatile molecules are assessed. 
 
2.1 Limitations of encapsulation of small volatile 
molecules 
 
By definition, microcapsules are small and therefore surface area volume ratios are very 
large. Actives in the core have a large surface area of shell though which to penetrate. In 
addition to this, shell thicknesses are generally in the order of a few microns or less and 
therefore any small molecule which successfully adsorbs on to the interior shell 
interface has only a short distance to diffuse through the shell itself. 
Significant reductions in diffusion rates from emulsified cores can be achieved by 
reducing the relative solubility of the dispersed phase into the continuous phase. 
However, the use of two highly immiscible liquids will have very limited effect on the 
diffusion rates of highly volatile small molecules. Altering the solubility of the ‘core’ 
material relative to the shell or encapsulating matrix affects the diffusion rate and 
therefore the permeability. However, if the vapour pressure of the active material is 
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sufficiently high, it can become the dominant driving force for diffusion and overcome 
the relative solubility barrier [29].  
In addition to relative solubility, wetting at the interface between the shell and the 
dispersed phase also plays a part. Zieringer et al. significantly delayed release of small 
actives to several weeks by enveloping an aqueous core in a fluoropolymer (PFPE) shell 
using microfluidics [30]. The multiple inert carbon-fluorine bonds create a low energy 
surface which is not susceptible to polarisation and therefore solvents such as water will 
not wet the surface well forming a barrier to molecules dissolved in the core.  
Wang et al. used ethyl cellulose microcapsules to significantly prolong the release of 
encapsulated lavender oil by size exclusion [31]. However, the encapsulation of volatile 
aqueous or oil soluble molecules requires a sufficiently non porous shell/matrix capable 
of slowing, or arresting entirely, the rate of diffusion of the active compound. It is 
therefore generally not sufficient to only alter the relative solubility of the core, shell 
and continuous phase or use shells with low core wettability when dealing with highly 
volatile small molecules. Instead it is necessary to form a physical barrier using a 
material with a low diffusion coefficient such as an atomically amorphous/crystalline 
metal or other inorganic crystal.  
 
2.1.1 Limitations of current methods of encapsulation 
 
Spray drying involves the hydration of a ‘carrier’ material which is then homogenised 
with the material to be encapsulated. An atomising spray is then used to create small 
droplets which are then heated to drive off water and other solvents, leaving dry 
capsules/particles [28]. Spray cooling, whereby the atomised particles are cooled and 
the water is driven off using a low pressure environment, can be used to improve the 
efficiency of encapsulation of relatively small molecules. However, high vapour 
pressure small molecules tend to be driven off with the water. 
 
Fluidized bed coating requires solid particles of the active material to be ‘fluidized’ in 
a high temperature environment. The encapsulating material is dissolved in a suitable 
solvent and then atomized and injected into the fluidized bed. The encapsulate adsorbs 
and spreads onto the particle surface and the solvent is then driven off by the hot air 
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[32]. The resulting capsules tend to be relatively large and the technique is not 
appropriate for the small high vapour pressure molecules because of the high 
temperature. 
 
Co-crystallization requires the atomisation of a melted crystal such as sucrose syrup. 
The melt is then reduced in temperature in a low moisture environment. Active 
materials such as flavourings can be added at the time of ‘spontaneous crystallisation’. 
The crystal incorporates the flavour by modifying its crystalline structure to incorporate 
active molecules or entrapping them in porous crystalline aggregates [32]. This 
encapsulation method is subject to the same limitations as the previously mentioned 
techniques. Beristain et al. showed that the efficiency of encapsulation of volatile 
molecules was comparable to those achieved using spray drying [33].  
Liposome entrapment was originally used for drug delivery in the pharmaceutical 
industry but is increasingly finding use in food encapsulation [34]. When dissolved in 
water, amphiphilic molecules containing lipophilic hydrocarbon chains connected to 
hydrophilic head groups will spontaneously self-assemble. Lipid bilayer/monolayer 
sheets, tubes or spheres can form. The structure depends on variables such as the 
hydrophilic/phobic balance between the head and tail groups, length/size of the tail/head 
groups and number of hydrocarbon tail groups. It’s possible to entrap dissolved active 
molecules within these spherical liposomes. Liposomes tend to be biocompatible and 
their permeability and stability can be varied by changing the lipid type [35].  Sugars 
and large polar molecules can be successfully encapsulated. However, these films form 
in an aqueous environment by lowering the Gibbs free energy of the system and are 
usually thermodynamically unstable. Constituent molecules swap from bilayer to bulk 
and vice versa, in addition to molecules within the layer being able to move within the 
2D surface. There is therefore inherent porosity which limits their use as capsules for 
high vapour pressure small molecules. 
Complexation has been successfully used to encapsulate highly volatile molecules such 
as methyl iodide [36]. ‘Host’ molecules are designed to form a temporary complex with 
a ‘guest’ species. This selective molecular recognition and encapsulation usually means 
that the ratio of guest: host is 1:1 and therefore encapsulating efficiencies are relatively 
low. Hosts are guest species specific and therefore encapsulation of mixtures of 
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different small molecules is not possible. In addition, release mechanisms are complex 
[27].  
 
Encapsulation via emulsification   
Emulsification technologies require at least, two immiscible liquids. The two phases, 
usually oil and water based, are homogenised together. Droplets of one of the phases 
become dispersed in the other continuous phase. Oil in water (O/W) or water in oil 
(W/O) emulsions can be formed. More complex multiple emulsions such as oil in water 
in oil (O/W/O) are also possible [37].  
In order to create emulsions that are thermodynamically stable and do not easily 
coalesce ‘emulsifiers’ such as surfactants, polymeric stabilisers or particles are used. 
Potential surfactants can be cationic (e.g. Hexadecyltrimethyl Ammonium Bromide 
(CTAB)), anionic (e.g. Anionic Sodium Dodecyl Sulfate (SDS)) or non-ionic (e.g. 
Polyoxyethylene 40 Stearate (PE40S)). An example of a polymeric stabiliser might for 
example be Polyvinylalcohol (PVA). 
Most systems are based on using an organic core. Which phase becomes the dispersed 
phase is dependent on variables such as the phase volume ratio, the form of the 
stabiliser and the phase the emulsifier is dissolved in. 
 
Encapsulation methods based around emulsification are very flexible; there are a wide 
variety of different techniques which can be employed: 
  
Colloidosomes are formed when particles are used to stabilise an oil/water boundary 
and are then linked together in some way to form a particle 2D network. This technique 
allows for a great deal of control over permeability. Variables such as particle size, 
degree of chemical crosslinking of the particles or degree of fusing via sintering can be 
used to control pore sizes [38]. Tailoring the properties of the particles that are used can 
allow for the creation of responsive capsule shells. Particles which swell or have surface 
polymers which extend or contract in different pH or temperate environments can be 
used to form shells with variable porosity [39]. Bollhost et al. attempted to tailor inter-
particle nano-pores in sub-micron Pickering emulsions and colloidosomes with a view 
to release via size exclusion [40]. To the best of my knowledge none of the groups who 
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have used metallic or inorganic particles to enhance the encapsulation capabilities have 
succeeded in significantly slowing release. Even if non-porous crystalline metal or 
inorganic nanoparticles (NPs) are used to form colloidosomes, the inherent porosity due 
to interstitial particle spacing allows for all small volatiles to diffuse. To date it appears 
that no group has demonstrated a sufficiently good sintering or blocking of interstitial 
sites with a secondary non-porous material. 
 
Liquid core / polymer shell microcapsules can be formed by a variety of techniques. 
Surfactants or polymeric stabilisers are generally used to stabilise the emulsion while 
the polymeric shell forms, for example, Vincent et al. used water soluble Polyvinyl 
alcohol (PVP) [25, 41]. 
 
 Polymer precipitation by phase separation describes two approaches to forming a 
polymeric shell:  
 
o Polymerisation induced phase separation is achieved by dissolving a 
monomer in the organic core and initiating polymerisation of that monomer 
within the core. The growing polymer becomes immiscible in the oil phase 
and precipitates to form a shell.  
 
o Solvent extraction and evaporation involves dissolving a polymer in an 
organic core composed of a mixture of poor solvent and good volatile 
solvent. The volatile solvent evaporates forcing the polymer to precipitate 
and migrate to form a shell. Polymer wetting between phases is important 
since good wetting allows the polymer to spread and form a full shell [42]. 
 
 Polycondensation interfacial polymerisation is achieved by dissolving a monomer 
and an initiator in two incompatible phases. The monomers polymerise and 
precipitate at the interface to produce a shell. An example of this is nylon or 
polyurethane. 
 
 Layer-by-layer polyelectrolyte deposition involves the alternate electrostatic 
adsorption of oppositely charged polyelectrolytes to build up a polymeric layer on 
an emulsion droplet/particle [43, 44].  
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Small volatile molecules are able to diffuse though polymeric microcapsule shells and 
therefore, over relatively short time frames, microcapsules synthesised using the 
techniques described above will leak.  (An exception to this is the previous mentioned 
work by Zieringer et al. which significantly limits the wettability of the internal shell 
surface by the encapsulate and therefore prevents the core entering the polymeric matrix 
in the first place effectively arresting diffusion  [30]). 
 
 
2.2 Amorphous / crystalline metals or inorganic 
crystalline films at colloidal particle interfaces 
  
As discussed previously, the permanent encapsulation of highly volatile small 
molecules requires the formation of a physical barrier using a material with a low 
diffusion coefficient such as amorphous/crystalline metals or other inorganic crystals.  
There are several examples in the literature of the use of non-porous 
amorphous/crystalline metals or other inorganic crystalline nanoparticles in the 
formation of films at colloidal particles interfaces. There are far less examples of the 
formation of continuous films of amorphous/crystalline metals or other inorganic 
crystals on colloidal systems and there are even fewer examples of the formation of 
continuous metal films around colloidal systems liquid cores. The existing art in this 
area is described in this section.  
First the formation of metal and inorganic crystalline nanoparticles at liquid-liquid 
interfaces is discussed, including the formation of Pickering emulsions and 
colloidosomes. The adsorption or incorporation of non-porous nanoparticles on/in 
microcapsule and particle interfaces is then examined. 
The growth of continuous metal films on electrically insulated surfaces and the 
application of continuous metal films to solid colloidal particle interfaces are then 
considered. Finally the deposition of continuous metal films on liquid core 
microcapsules and emulsion droplet surfaces is discussed. 
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2.2.1 Metal and inorganic crystalline nanoparticles at liquid-liquid 
interfaces; Pickering emulsions, colloidosomes and 2D interfaces 
 
2.2.1.1 Metal NPs at 2D liquid-liquid interfaces 
 
Rao et al. successfully developed a technique for creating a nano-particulate metal film 
at an aqueous/organic interface [45]. By separating a metal salt which is soluble in the 
organic phase and a water soluble reducing agent in the aqueous phase, reduction of the 
metal salt was limited to the aqueous/organic interface only. Metal ions are reduced to 
atomic nuclei and then nucleate and grow to form a nano-particulate film. The 
nanoparticle arrays have a good size distribution and can hexagonally close pack (HCP) 
to create self-assembled monolayers (SAM). The SAM can easily be removed from the 
interface and observed via TEM [Figure 3].    
 
 
Figure 3 TEM micrograph of a gold nano-crystalline film [45]. 
 
 
 
Increasing the concentration of gold and reducing agent can result in multilayers of 
nanoparticles, the loss of HCP and less-uniform size distributions. The choice of metal 
precursor, reducing agent and organic solvent is crucial to forming stable films.  By 
varying the starting conditions, hydrosol or organosol nanoparticle dispersions can be 
made to form in either of the two phases [46]. In addition, nanoparticle films can be 
50nm 
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readily extracted to aqueous or organic layers as a dispersion by adding suitable capping 
agents.  
Lee et al. succeeded in using various crown ether ligands [Figure 4] to drive dispersed 
gold nanoparticles to an aqueous/organic interface [47]. The crown ether is dissolved in 
a chloroform organic phase with a gold nanoparticle dispersion being in the aqueous 
phase [Figure 5a]. The crown ether ligands are able to mediate the self-assembly of a 
gold nanoparticle film forms at the organic/aqueous interface [Figure 5b].  
 
 
Figure 4 Crown ether ligands. 
 
Figure 5 (a) chloroform phase covered with an aqueous gold dispersion (red), (b) after the addition of 
chloroform solution of crown ether ligand a gold nanocrystalline film forms on the surface of the plastic 
container and the water/chloroform interface [47]. 
 
 
2.2.1.2 Metal nanoparticle Pickering emulsions and colloidosomes 
 
Yamanaka et al. formed Pickering emulsions stabilised with mercaptocarboxylated Au 
nanoparticles. AuNPs are first formed using a phase transfer method using 
Tetrakis(decyl)ammonium bromide (TDAB) as the phase transfer agent. MPDA is then 
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used as a stabiliser. The AuNPs obtained  are then sufficiently surface active to stabilise 
a water in oil emulsion [48].  
Larson-Smith et al. used thiol-terminated polyethylene glycol (PEG) chain stabilised 
gold nanoparticles to form hexadecane core Pickering emulsions [49] [Figure 6].  
 
 
Figure 6 Schematic diagram of the synthesis of nanoparticle surfactants and the resulting stabilised 
emulsions [49]. 
 
Tian et al. formed Pickering emulsions by homogenising an aqueous citrate-stabilised 
AuNP dispersion with an organic phase of polystyrene with thiol terminal groups (PS-
SH) dissolved in toluene. Emulsion droplets are stabilised by the formation of AuNPs 
with grafted PS-SH on their surface at the liquid-liquid interface [Figure 7] [50]. 
 
 
Figure 7 TEM images of AuNP Pickering emulsions formed by method developed by Tian et al. [50]. 
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2.2.1.3 Adsorption/incorporation of metal and inorganic crystalline 
nanoparticles on/in microcapsule and particle interfaces 
 
Non-porous metal NPs and other inorganic crystalline NPs have also been successfully 
adsorbed or incorporated onto or into microcapsule shells and particle cores and 
interfaces. Methodologies typically involve a two-step process. Microcapsules are first 
formed and then  NPs are adsorbed or incorporated onto or into the microcapsule by a 
form of in situ reduction of pre-adsorbed metal ions or electrostatic adsorption of 
charged NPs onto a charged microcapsule interface [51-54]. Alternately NPs in the 
continuous phase can be destabilised by, for example, the introduction of a salt or 
change of pH forcing them to precipitate out of the dispersion onto the colloidal 
interfaces [55]. In addition, NPs can be incorporated into the 'core' phase of the forming 
colloidal system - for example as a stable dispersion in the emulsified phase thereby 
trapping the NPs in the forming colloidal particle.  
 
Kozlovskaya et al. [51] used a layer-by-layer technique to create polyelectrolyte 
microcapsules onto which Au ions can be adsorbed and subsequently reduced in situ to 
form AuNPs  and Geest et al. alternately adsorbed a positive polylectrolyte 
(poly(allylamine hydrochloride) (PAH)) and negatively charged AuNPs onto emulsion 
drop interfaces  in order to build up a polymer/NP multi-layered microcapsules [52]. 
Antipov et al.  used a layer by layer technique to build up alternate Poly(sodium 4-
styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) films on melamine 
formaldehyde (MF) latexes. The deposited film is easily oxidised and acts as a reducing 
agent for the Ag+ ions in the continuous phase. The result is a nanoparticulate Ag film 
on the capsule surface [53].  
 
Cayre et al. successfully destabilised a nanoparticle dispersion using pH in order to 
adsorb NPs at a microcapsule interface [55]. Poly(methylmethacrylate) (PMMA) 
microcapsules were formed by a cosolvent extraction method in the presence of citrate 
stabilised gold nanoparticles (CIT-Au). A short time into the homogenisation step an 
acid was added to the continuous phase containing the NPs. The addition of the acid 
acted to decrease the charge density on the surface of the CIT-Au by protonating the 
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adsorbed citrate ions.  The nanoparticles therefore became less hydrophilic and 
precipitated out on the newly formed polymeric capsule surface resulting in a CIT-Au 
studded polymeric capsule [Figure 8].  The acid was added after the homogenisation 
step to promote the formation of a large surface area for NP adsorption over inter NP 
aggregation. 
 
 
Figure 8 CIT-Au studded polymeric capsules [55] 
 
Liu et al., demonstrated a clever one pot synthesis of NP encrusted thin filmed 
polymeric microcapsules. An oil phase containing amphiphilic polyhedral oligomeric 
silsesquioxane (which itself contained thiol groups (PTPS)),  a trimethylolpropane 
triacrylate (TMPTA) and a photoinitiator  were homogenised with an aqueous phase 
containing a gold salt to produce an oil in water emulsion [54]. The amphiphilic PTPS 
acted as a stabiliser (hydrophobic alkyl chains and hydrophilic PEG chains).  Exposure 
of the emulsion to UV light photo initiated the polymerisation of the thiol groups on the 
TMPTA forming a crosslinked polymer wall. At the same time radicals generated by 
photoinitiation reduced Au ions which diffused to the interface causing them to nucleate 
and grow into AuNPs [Figure 9]. 
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Figure 9 Modified image of chemical structure of the reactive surfactant, acrylate cross-linker and 
photoinitiator   and (b) schematic diagram of the whole process to fabricate microcapsules containing 
metal nanoparticles and (e,f) TEM images of an individual capsule [54]. 
 
The use of metal or inorganic crystalline nanoparticles in the formation of Pickering 
emulsions or colloidosomes or the adsorption of the same particles as a film on to 
preformed microcapsule template has, to date, not endowed the resulting microcapsules 
with the ability to permanently encapsulate small volatile molecules. Even if the NPs 
are efficiently hexagonally close-packed within the films they provide and inherent 
porosity due to the spaces between NPs. Therefore unless a secondary non-porous 
material is added to/grown in the interstitial sites between the particles, small volatile 
molecules are still able to diffuse.   
 
2.2.2 Growth of continuous metal 2D films on electrically insulated surfaces 
 
There are many examples of successful deposition of homogeneous crystalline metallic 
films onto both metallic and non-metallic 2D surfaces [56]. The electronics industry, for 
example, uses many techniques such as sputter coating and electro-deposition for 
depositing metals on solid surfaces; however these techniques are not suitable for 
deposition on microcapsules due to the liquid continuous phase and the electric 
isolation.  
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The reduction of metal ions to metal atoms resulting in the formation of a metal film via 
electroless deposition on the other hand does not require an external source of electric 
current [56]. This form of reduction is especially useful when attempting to form 
continuous films on surfaces which are electrically isolated.  
In order to direct the reduction of the metal to be plated onto a non-conducting surface, 
such as a polymeric shell or emulsion droplet surface, a heterogeneous catalyst needs to 
be present. Catalysts are usually noble metals such as Platinum, Palladium or Gold. The 
energy barrier to the reduction without the catalyst needs to be sufficiently high as to 
significantly limit the reduction of the metal ions in the bulk. Therefore highly active 
reducing agents are inappropriate.  
Noble metals have long been known to display excellent catalytic properties, in the 
main, due to their good surface adsorption energy which promotes physisorption of 
reactants and their inert nature which restricts the more permanent chemisorption of 
species which might restrict catalytic activity. 
 
 
Figure 10 Schematic graph showing how the presence of a catalyst lowers the activation energy of a 
reaction allowing it to occur under ambient background thermal conditions [57]. 
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Figure 10 shows a schematic diagram of the general energy states of a reaction with and 
without a catalyst. The reactant (A) reacts to make the product (P) with an activation 
energy (E1) and enthalpy of reaction (ΔH). The reactant is able to adsorb onto the 
catalyst surface to form a new state (Aads) which itself has an activation energy barrier 
(Eads). The adsorption of  the reactant often leads to dissociation or weakening of the 
bonds within reactant molecules allowing the reaction to occur more quickly [58]. The 
adsorbed reactant is then able to transform, via a surface reaction process into a product 
(P), this step also has an activation energy (Esr). Finally the product is able to desorb 
with a third activation energy (Edes) [57]. In some cases more than one of the reactants 
adsorb onto the surface of the catalyst, diffuse across the surface towards each other and 
react to form the product which then needs relatively little energy to desorb from the 
surface. 
Whichever route the catalysed reaction uses, the general principle involves the 
breakdown of the original uncatalysed reaction process into several transitions each 
with lower energy barriers and therefore the reaction can occur more quickly under 
ambient background thermal conditions.  
 
Electroless deposition is a term which appears to be used interchangeably in the 
literature to describe 3 different metallic film formation mechanisms substrate 
catalysed, autocatalytic and galvanic replacement [59]. 
Both substrate catalysed and autocatalytic deposition require the plating solution to 
contain both a metal salt and a reducing agent. During autocatalytic deposition the metal 
being deposited is in itself a catalyst for the reduction of the metal salt and therefore 
relatively thick layers can be produced. Film thicknesses are limited in substrate 
catalysed reduction processes because once the surface gets covered by the secondary 
metal the catalytic activity drops off significantly. During Galvanic displacement the 
substrate atoms provide electrons to the metal salt and in doing so detach from the metal 
lattice and become ions themselves [59]. 
 
Metallic nanoparticles are widely studied for their use as catalysts [60-63].  Horiuchi et 
al. showed that platinum nanoparticles act as a good catalyst for the electroless 
deposition (ELP) of homogeneous crystalline gold films [64].  
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Polyvinylpyrrolidone (PVP) is used to stabilise platinum nanoparticles (Pt-NPs) in 
water. It is Horiuchis’ belief that the Pt-NPs have a negative surface charge and can 
therefore be directed to a positively charged surface. A polystyrene surface was dipped 
into a stearyl trimethyl ammonium chloride (STAC) aqueous solution to create a 
positively charged surface. The surface was then dipped into the Pt-NPs, washed and 
subsequently dipped into a gold plating solution containing a metal salt and reducing 
agent. 
TEM microscopy confirmed that gold growth preferentially occurred around the Pt-NP 
[Figure 11].  It is not understood why the gold appears to grow more on some NPs than 
others. 
 
 
Figure 11 (a) TEM micrograph showing the gold deposited on the Pt colloidal particles. The gold deposits 
were produced by ELP for 10 s. (b) shows the same position of (a) after the removal of gold deposits by 
bromine/tetraethylammonium bromide/acetonitrile solution [64]. 
 
The process demonstrated by Horiuchi et al.  has both catalytic and autocatalytic 
elements. Platinum is used as a catalyst for the primary gold film growth which 
envelopes the NPs - after this the gold continues to grow via autocatalytic ELP.  
 
2.2.3 Continuous metal films on solid colloidal particles  
 
Most examples, in the existing literature, of continuous metal films being grown on 
colloidal systems are grown on solid colloidal particles [65-69]. Lin et al. grew Ni shells 
on polyelectrolyte-modified PMMA beads using direct Ni+ ion adsorption and reduction 
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[70]. PMMA beads were first surface modified with ammonia solution to provide a 
negative surface charge. Cationic and anionic polyelectrolytes were then sequentially 
adsorbed to create a negatively charged polyelectrolyte surface onto which Ni+ ions 
were added. The particles were then placed in a nickel plating solution which reduced 
the Ni+ ions.  A Ni film grew via an autocatalytic process on the polymeric bead surface 
[Figure 12]. 
 
Figure 12 Schematic illustration of the fabrication of PMMA-Ni core-shell composite microspheres by 
electrostatic polyelectrolyte adsorption and the subsequent electroless plating [70]. 
 
Karagoz et al. reported a process for generating variable thickness of metal deposits on 
polymer microspheres via electroless plating [66]. The technique was used to 
successfully coat polymeric beads with Ni, Cu and Ag. Metal complexes were formed 
on triethylenetetramine (TETA) functionalised crosslinked poly(glycidyl methacrylate) 
(PGMA) microspheres by immersing them in aqueous solutions of the respective metal 
salts. The metals chelated, with TETA surface groups, were reduced to atomic metal on 
the addition of hydrazinium formate or hydrazine.  The resulting metal ‘seeded’ surface 
then acted as nucleation points for further growth of the metal in standard plating 
solutions of the respective metals.   
Wang et al. produced size-controllable monodisperse hollow silver microspheres [71]. 
Beeswax was melted and homogenized with an aqueous solution of CTAB and silver 
salt. CTAB stabilised emulsion droplets of melted beeswax were produced. As the wax 
cooled, hydroquinone was used as a reducing agent to form solid wax spheres studded 
with atomic silver. Silver nitrate was then reduced in the presence of the wax cores and 
the existing surface silver caused an autocatalytic reaction whereby the silver grew 
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preferentially on the surface. Finally the capsules were heated in an alcoholic solution to 
remove the wax core leaving a silver shell [Figure 13]. 
 
 
Figure 13  SEM images of hollow Ag spheres. 
 
The fact that the waxy molecules were removed from the core indicates the porosity of 
the shell to relatively large polymeric molecules.  Therefore, this renders this 
technology incapable of encapsulating high vapour pressure small molecules. 
 
2.2.4 Continuous metal films on microcapsule and emulsion droplet 
surfaces 
 
Very few papers report metal encapsulation of liquid core microcapsules or emulsion 
droplets and none demonstrate the use of metal films to permanently encapsulate small 
volatile actives. Two recent papers report the successful deposition of continuous metal 
films on liquid core microcapsules [72, 73].  
In the first example, Patchan et al. sequentially adsorbed polyelectrolyte, tin and 
palladium ions onto polymeric microcapsules before the target surface was suitable for 
metal deposition [72].  
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Figure 14 scheme for the synthesis of liquid filled metal microcapsules [72]. 
 
Interfacial polymerisation was used to produce liquid core polymer shell microcapsules. 
The capsules were then placed in a solution of poly(acrylic acid) (PAA) which adsorbed 
onto excess amine groups left over from the  interfacial polymerisation. The 
microcapsules were then placed into a SnCl2 solution, washed and immersed in an 
acidic PdCl2 solution.  The Sn
2+ deposited on the negatively charged PAA surface then 
reduced Pd2+ ions from solution to create Sn4+ and Pd0. The atomic Pd then acted as a 
catalyst for the electroless deposition of Ni from a standard Ni plating solution [Figure 
14]. 
In the second example, Nocera et al. described a method that involves the doping of a 
polydopamine  membrane (surrounding an oil core) with metal ions followed by the 
reduction of the ions and growth of  a silver film [74] [Figure 15]. 
A soybean core phase was homogenised in an aqueous phase containing 
Tris(hydroxymethyl)aminomethane (Tris), dopamine hydrochloride, potassium 
permanganate and a surfactant to stabilise the forming droplets (Tween 20). After two 
hours a polydopamine film formed on the surface of the soybean droplet. The resulting 
microcapsules exhibited a highly negative surface charge (-60mV).  
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Figure 15 Schematic representation of the fabrication of metal-coated soybean oil droplets and cryogenic  
SEM of the resulting capsules [74]. 
 
The capsules were then re-dispersed in a solution of silver nitrate. The positive silver 
ions adsorbed electrostatically to the negatively charged polydopamine layer. Some of 
the silver ions were reduced by the redox behaviour of the polydopamine film. In order 
to grow a ‘complete’ film of silver on the nanoparticulate ‘seed’ layer ascorbic acid was 
added to the continuous phase.  
The primary aim of these experiments was to create core-shell structures with specific 
optical properties; the authors did not investigate the permeability of the metal films. 
 
2.3 Remaining challenges to overcome 
 
These examples can enable some of the challenges associated with encapsulating small 
molecules to be overcome. For example the fluorinated polymer wall demonstrated by 
Zieringer et al [30] may be used in some instances where the continuous phase is 
aqueous.  
In a particular challenge, our industrial collaborators are requiring to encapsulate a 
small volatile fragrance oil in a continuous phase containing 70% ethanol. Required 
timescales corresponding to this products stability can reach 2-3 years taking into 
account manufacturing, transport, storage and final use of the product. This is the case 
for new perfumes which P&G are developing. 
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The examples given above are unlikely to solve this particular challenge. There is a 
need for shell materials with lower diffusion coefficients that retain the actives on these 
timescales. A solution to this is presented here and is summarised in section 0.   
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3 Materials and Methodologies 
 
 
3.1 Chemicals 
 
Water: All solutions were prepared using ultra-pure Milli-Q water (resistivity 
~18MOhm cm) 
 
Polyvinylalcohol (PVOH): Sigma Aldrich; 88/8 product code: 81383; Batch code: 
1312300/51408043 (Emulsion stabiliser) 
 
 
Toluene: Fisher Chemicals; product code: T/2250/17; batch code: 1016822  
 
 
Dichloromethane (DCM): Acros Organics; product code: 383780010; batch code: 
0807683 (Good solvent for PMMA) 
 
 
Polymethylmethacrylate (PMMA): Sigma Aldrich; product code: 18223-0; batch code: 
MKBB7676 (Polymer) 
 
 
Poly(ethylmethacrylate) (PEMA): Sigma Aldrich; average Mw ~515,000 (Polymer) 
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Sodium Borohydride: Sigma Aldrich; product code: 101088565 
 
 
 
Hexadecane - Fisher Chemical; product code: H/0350/17; Batch code: 1147348 
 
 
 
 
Cetyltrimethylammonium bromide: (CTAB) 98%, Sigma Aldrich 
 
 
Fluorescein: Sigma Aldrich 
 
 
 
Polyvinylpyrrolidone (PVP) 40KDa Sigma Aldrich 
 
 
Hexyl salicylate: 99% Sigma Aldrich 
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Gold(III) chloride hydrate: Sigma Aldrich  99.999% trace metals basis 254169-5G 
 
Chloroplatinic acid hydrate: Sigma Aldrich  99.9% trace metals basis 520896-5G 
 
Hydrogen peroxide solution: Sigma Aldrich 35wt% 349887-500mL 
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3.2 Equipment  
 
3.2.1 Atomic force microscopy (AFM)  
 
AFM (Veeco BioScope 2) was used to look at the secondary metallic film morphology 
and thickness of spin-coated polymeric substrates. 
 
 
Figure 16 Schematic diagram showing the general principles of AFM and an SEM image of the end of a 
tip 
 
A fine SiO2 cone shaped tip is grown on the end of a Silica cantilever. A laser is aligned 
to reflect off the top of the cantilever onto a photodiode detector. The tip is coarsely 
brought into close proximity of the sample by electric motor and then into contact with 
the sample via piezoelectric crystal [Figure 16].  
A further two piezoelectric crystals are used to move the tip laterally across the sample 
in the horizontal plane. As the contact with the surface changes the deflection on the can 
cantilever changes which alters the signal to the detector and, via an electronic feedback 
loop, a piezoelectric crystal alters the height of the tip in order to bring the signal on the 
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detector back to the original position. Using the vertical and horizontal drive signals a 
3D raster scan of the surface can be obtained.  
The cantilever was operated in tapping mode. The piezoelectric crystal drives the lever 
to resonate at or near one of its resonant frequencies. The interaction of the tip with the 
surface causes the amplitude of oscillation to decrease. A piezoelectric adjusts the 
height of the lever to maintain the resonant frequency. This height adjustment is used to 
build up a raster image of the surface from the individual scan lines. 
To characterise metallic film thickness and morphology the metal on polymer on glass 
substrates were first, gently scored using a scalpel. It was shown via AFM that although 
gentle scoring cut through both the polymeric spin coated film and the gold film, the 
glass slide remained unaffected. AFM was then used to scan the scored area and 
sections across the break in the film were taken. Multiple sections were then averaged 
out to find a mean film depth. Similar characterisation of the bare polymeric spin-coated 
films was also undertaken.  
Film roughness was measured by comparing scan area with the measured surface area 
within that scan area. The roughness was the ratio between flat and measured sample 
surface area. Multiple measurements were then taken in the areas around the score 
marks and averaged to find a mean roughness. 
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3.2.2 Quartz Crystal Microbalance QCM D300: 
 
 
Figure 17 Schematic diagram showing the general principles of QCM 
 
Quartz Crystal Microbalance (QCM) experiments were performed using a Q-Sense 
D300. The QCM was used to assess the adsorption of polymers and nanoparticles onto 
spin coated polymeric films [section 3.2.3]. The QCM uses a quartz crystal resonator to 
measure mass adsorption onto the crystal interface. The crystal is placed into a chamber 
into which liquids can be injected and an oscillating electrical signal is sent across the 
crystal and tuned to set up a resonance within the crystal. The frequency changes when 
mass adsorbs to the crystal surface from the liquid phase [Figure 17]. The frequency 
change can be correlated to the mass change using Sauerbrey’s equation [eq. 3]. 
 
∆𝑓 = −
2𝑓𝑜
2∆𝑚
𝐴√𝜌𝑞𝜇𝑞
 eq. 2 
 
∆𝑚 =
−𝐴√𝜌𝑞𝜇𝑞
2𝑓0
2 Δ𝑓 
 
eq. 3 
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Where: 
𝑓𝑜  Resonant frequency (Hz) 
∆𝑓  Frequency change (Hz) 
∆𝑚  Mass change (g) 
𝐴  Piezoelectrically active crystal area (Area between electrodes, cm2) 
 𝜌𝑞 Density of quartz (~2.643 g/cm
3) 
 𝜇𝑞 Shear modulus of quartz for AT-cut crystal (~2.947x10
11 g·cm−1·s−2) 
 
Before each run piping was renewed and the system was rinsed with Milli-Q water 
several times and then was allowed to settle for 20 minutes prior to the injection of the 
dispersion / solution to be tested. In some cases a wash cycle, which consisted of a 
simple rinse with 5mL of Milli-Q water, was used to rinse excess surface active material 
from the bulk of the QCM chamber. Where necessary, details of concentrations and 
times of operation are described within the results section. 
All ∆𝑓 values were measured for the third overtone of the crystals fundamental 
frequency near 15MHz at room temperature (20oC). 
 
3.2.3 Spin and dip -coating  
 
A spin coating machine (WS-400B-6NPP/LITE) was used to deposit thin films of 
polymer onto both SiO2 QCM crystals and glass slides. Surfaces to be spin coated were 
cleaned with a soap solution, rinsed thoroughly with Milli-Q water, dried with 
compressed air and then washed in 100% ethanol and dried again with compressed air. 
To keep the surfaces free of dust, samples were stored in a sample holder with lid.  
The spin-coater was set to spin at 200rpm for 2 minutes. As soon as the spin-coater was 
up to speed (2-3seconds), 1mL of the coating solution, in most cases PEMA in DCM, 
was then deposited via a glass pipette onto the substrate at a concentration of 0.1wt% in 
DCM (1gL-1). 
Glass slides were then scored with a glass cutter across the middle of the spin-coated 
area (middle of the slide) and divided into two equal samples each with spin-coated 
polymer up to the end cut. 
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In order to coat TEM grids with PEMA. Grids were dipped into the same solution of  
PEMA in DCM (0.1wt% in DCM (1gL-1)) for ~1 second and were then touched onto a 
tissue to remove excess PEMA solution and allowed to dry for 1hour. 
 
3.2.4 Dynamic light scattering 
 
 A NanoSeries  Zetasiser (Malvern Nano-ZS) which was fitted with a He-Ne laser 
source (633nm wavelength, 4mW power) was used to measure nanoparticle size 
distributions and Zeta potentials.  
 
When light hits particles that are small compared to the wavelength of the incident 
radiation, the incident light scatters in all directions. This is called Rayleigh 
scattering and is a result of the incident electromagnetic field setting up the same 
oscillation in the polarisable charges with the particle. The particle therefore becomes a 
small radiating body.  
 
If a monochromatic and coherent light source, such as a laser, is shone on a dispersion 
of small particles, the light from all the particles constructively and destructively 
interferes and a speckled pattern is formed. The scattered light patterns’ intensity varies 
over time due to the change in position of the particles due to Brownian motion. 
Information about the time scale of movement of the particles is to be found within this 
intensity fluctuation. A variation of the Stokes–Einstein equation can then be used to 
calculate particle size. 
 
 
 
 
3.2.5 Optical and electron microscopy 
 
The morphology of the microcapsules was studied using an Olympus BX51 optical 
microscope with a Colorview 2 digital camera. ‘Cell D’ imaging software was used to 
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record the images. A LEO 1530 Gemini field emission gun scanning electron 
microscopy (FEGSEM) and using a FEI Tecnai TF20 field emission transmission gun 
electron microscopy (FEGTEM) fitted with a HAADF detector and Gatan Orius 
SC600A CCD camera were also used . Prior to TEM analysis, samples were dispersed 
on a TEM grid (holey carbon film, 400 Cu Mesh from Agar Scientific). Chemical 
compositions of the metal-coated microcapsules were analysed using an Oxford 
Instruments INCA 350 energy dispersive x-ray spectroscopy (EDX) with 80mm X-Max 
SDD detector, within the FEGTEM and FEGSEM instruments. To analyse metal shell 
thickness, cross sections of the capsules were taken using microtome, prior to 
being studied by FEGTEM and analysed using the image processing software, 
(imageJ). Where necessary, details of specific sample preparation are described in the 
results section. 
 
3.2.6 Focus Ion Beam (FIB) 
 
An FIE Nova200 Duelbeam SEM/FIB was used to etch away parts of samples to reveal 
internal structure. Where necessary, details of specific sample preparation are described 
in the results section. 
 
3.2.7 Sample Microtoming 
 
Microtomed samples of capsules were produced by exchanging the aqueous continuous 
phase for ethanol via centrifuge and allowing the sample to dry. The dry capsules were 
then mixed into Struers Epofix and the epoxy resin and allowed to solidify.  An agar 
scientific Y515ZA was then used to cut the sample into 80-100nm thick slices, which 
were then mounted onto TEM grids. 
 
3.2.8 Gas Chromotography (GC) 
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GC was used to measure release from metal coated emulsion droplets and metal coated 
polymeric capsules. In all our polymeric capsule release experiments, the metal-coated 
capsules were compared against standard polymer-shell capsules. An equal portion of 
polymer capsules was removed from the sample undergoing the coating procedure. The 
polymer capsules were subjected to the same washing steps as the metal coated capsules 
to ensure equivalent losses of encapsulated oil (although minimal over the timescale of 
the experiment) from the capsule cores through the various stages of the process. 
Release rates in different solvent conditions were measured using gas chromatography 
as follows. 
In a typical experiment, a known volume of metal-coated polymeric capsules was 
centrifuged to remove the supernatant. A corresponding sample of polymer-shell 
capsules was also centrifuged to remove the supernatant. Each sample was dispersed in 
2 ml Milli-Q water and heated to 40°C. 8 ml absolute ethanol at 40°C was added to each 
sample and the capsules were redispersed and placed in a water bath at 40°C.  1 ml of 
each agitated suspension was taken at known time intervals over a period of 21 days. 
The extracted capsule samples were centrifuged at 7000 rpm for 1 min and the 
supernatant analysed via GC. 
Samples were run on a Perkin Elmer Clarus 580GC using the following method and 
column: 
GC column: Elite-1 capillary column, length 30m, internal diameter 0.25mm. The 
column temperature was programmed from 50°C to 300°C at 20°C/min at a flow rate of 
2ml/min. 
All data was compared against a calibration curve of the encapsulated oil determined in 
the same continuous phase of 4:1 ethanol:water mixture. 
Metal coated emulsion droplets were treated in the same way as described above but no 
comparison was made to release from the bare Pt-NP stabilised emulsion droplets 
because of the instability of the Pickering emulsions in ethanol.     
 
3.2.9 Mastersizer 
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A Malvern hydro 2000SM Mastersizer was used in conjunction with a Malvern ‘Small 
Volume Sample Dispersion Unit’ to measure size distributions of microcapsules via low 
angle laser light scattering (LALLS). 
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3.3 Methodologies/ Synthesis 
 
3.3.1 Synthesis of polymeric capsules with oil core 
 
Both Toluene and hexyl salicylate were used as an oil to be encapsulated. PEMA (5g) 
was dissolved in DCM (81g). The oil to be encapsulated (14g) was added and mixed 
until a single phase formed. This was used as the emulsion dispersed phase. CTAB 
(0.28g) was dissolved into 100ml of Toluene saturated  Milli-Q water to form the 
emulsion continuous phase. The dispersed phase (7 ml) and continuous phase (7 ml) 
were added to a glass vial and emulsified (using IKA T25 Ultra-Turrax) at 15000 rpm 
for 2 min.  
The emulsion was then stirred magnetically at 400 rpm while a further 86ml of 
continuous phase was poured in slowly. The diluted emulsion was then stirred at 400 
rpm for 24 hours at room temperature to allow capsule formation to occur – this stage 
allows for extraction of DCM into the continuous phase and subsequent evaporation, 
which forces precipitation of the polymer onto the emulsion droplet surface.  
The resulting capsules underwent three washing steps via centrifugation (Heraeus 
Megafuge R16) at 4000 rpm for 5 min, during which the supernatant was removed and 
replaced with fresh Milli-Q water. Finally, the capsules were redispersed in 50 ml Milli-
Q water. Colloidal stability of the prepared capsules was verified over the timescale of 
the procedure through light scattering measurements. 
In order to slow the initial solvent extraction phase to assess, for example, ‘initial’ 
emulsion size distributions for the toluene core capsules, for some experiments the 
CTAB aqueous phase was saturated with both Toluene and DCM prior to 
homogenisation. 100mL of the CTAB solution was made up and 4mL of Toluene and 
DCM were added. The vial was sealed with a lid, shaken by hand and allowed to stand. 
7mL of the solution was taken via pipette when needed and the vial was resealed. 
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3.3.2 Preparation of Platinum Nanoparticles (Pt-NPs) 
 
H2PtCl6.6H2O (0.23 g) was added to PVP 40Kda (100 mL, 1.56 µM (0.0015wt%)  in 
some cases) and stirred to dissolve. NaBH4 (0.4 mL of 5 mM solution (0.189g in 10mL 
water and take 3mL)) was added to the platinum salt-PVP solution with vigorous 
stirring for 2 minutes. The solution immediately turned dark brown suggesting 
formation of solid platinum as illustrated in equation eq. 4, and was left to stand 
overnight for the formation of Pt-NPs to complete. 
 
𝑁𝑎𝐵𝐻4 + 𝐻2𝑃𝑡𝐶𝑙6 + 3𝐻2𝑂 → 𝑃𝑡 + 𝐻3𝐵𝑂3 + 5𝐻𝐶𝑙 + 𝑁𝑎𝐶𝑙 + 2𝐻2 
𝑃𝑡𝐶𝑙6
2−(𝑎𝑞) + 𝐵𝐻4
−(𝑎𝑞) + 3𝐻2𝑂 → 𝑃𝑡
0 +𝐻2𝐵𝑂3
−(𝑎𝑞) + 4𝐻+(𝑎𝑞) + 6𝐶𝑙−(𝑎𝑞) + 2𝐻2(𝑔) 
eq. 4 
 
For some experiments Pt-NPs were synthesised using a range of concentrations of PVP. 
Details of these experiments can be found in the particular chapter. 
 
3.3.3 Adsorption of nanoparticles at polymeric microcapsule or emulsion 
droplet interface 
 
3.3.3.1 Adsorption of Pt-NPs at room temperature onto a polymeric 
microcapsules or emulsion droplet interfaces 
 
Adsorption of Pt-NPs at room temperature onto polymeric microcapsules or emulsion 
droplet interfaces was achieved by using Pt-NPs synthesised using the lower 
0.0015wt% PVP stabiliser [paragraph 3.3.2]. 2% of the capsule dispersion [synthesis 
described in section 3.3.1] were added to the PVP-Pt nanoparticle suspension (5 ml), 
and mixed for 10 min on a carousel. Immediately after, the capsules were washed by 
centrifugation at 4000 rpm for 5 minutes, three times. The capsules were subsequently 
redispersed in 30 ml Milli-Q water. 
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3.3.3.2 Adsorption of Pt-NPs directly onto emulsion droplet interfaces 
 
Adsorption of Pt-NPs at room temperature onto emulsion droplet interfaces was also 
achieved by using Pt-NPs synthesised using the lower 0.0064wt% PVP stabiliser 
[paragraph 3.3.2]. 0.1mL Hexadecane was added to 10mL of Pt-NP dispersion and was 
homogenised at 15-24Krpm for 2 minutes using an Ultra-Turrax IKA T25 or for 30 
seconds at 30% power using an ultrasonic probe (Sonic Dismembrator Ultrasonic 
Processor, Model #FB-505 (From Fisher Scientific). In some cases emulsions were 
allowed to ‘age’ prior to washing by placing the unwashed emulsion on a carousel for 
24 hours. Samples were allowed to cream for 1 hour after which a hypodermic needle 
was used to extract the water containing the excess Pt-NPs below the creamed layer. 
60mL of deionised water was then added followed by gentle stirring by hand to 
homogenise (not shaking). This wash cycle was repeated 3 times. 
 
3.3.4 General metallic film growth procedure 
 
3.3.4.1 Gold film growth on polymeric microcapsules:  
 
HAuCl4 (1 ml, 40 mM), hydrogen peroxide (1 ml, 60 mM)and poly(vinyl pyrollidone) 
(1 ml, x mM) (used in this procedure as a polymeric stabiliser to provide colloidal 
stability to the resulting microcapsules)  formed the electroless plating solution. Pt-
loaded polymer capsules (9 ml (0.6% of original synthesis)) were added dropwise to the 
solution and stirred vigorously for 5 min during which the gold ions were reduced to 
solid gold as shown in equation eq. 5. The capsules were subsequently washed by 
centrifugation at 4000 rpm for 5 minutes, three times.  
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3.3.4.2 Gold film growth on dip-coated 2D interfaces 
 
The same plating solution was used to dip-coat 2D interfaces such as spin-coated 
PEMA on glass (where necessary, variation from this sample preparation are described 
in the results section). 
 
2𝐻𝐴𝑢𝐶𝑙4  +  3𝐻2𝑂2 →  𝑃𝑡 →  2𝐴𝑢 +  3𝑂2  +  8𝐻𝐶𝑙 
eq. 5 
 
3.3.4.3 Gold film growth on Pt-NP stabilised emulsion droplets 
 
After the final stage of cleaning of the Pt-NP stabilised emulsion droplets [section 3.3.3] 
the Pickering emulsions/colloidosomes were topped up with 15mL PVP 
(0.2wt%  aqueous solution of 40kDa), 3mL 40mM solution of Gold (III) chloride 
hydrate (HAuCl4 + ~3H2O) and 3mL H2O2 reducing agent (60mM) and were shaken 
gently by hand for 2 minutes and then washed via centrifuge (Eppendorf Minispin Plus 
1min 7000rpm) 
 
3.3.5 Core release testing using gas chromatography (GC)  
 
3.3.5.1 Testing for the release of hexyl salicylate using gas 
chromotography 
 
In all our release experiments, we compared the metal-coated capsules against standard 
polymer-shell capsules. An equal portion of polymer capsules was removed from the 
sample undergoing the coating procedure. The polymer capsules were subjected to the 
same washing steps as the metal coated capsules to ensure equivalent losses of 
encapsulated oil (although minimal over the timescale of the experiment) from the 
capsule cores through the various stages of the process. Release rates in different 
solvent conditions were measured using gas chromatography as follows. 
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In a typical experiment, a known volume of metal-coated capsules was centrifuged to 
remove the supernatant. A corresponding sample of polymer-shell capsules was also 
centrifuged to remove the supernatant. 
Each sample was dispersed in 2 ml Milli-Q water and heated to 40°C. 8 ml absolute 
ethanol at 40°C was added to each sample and the capsules were redispersed and placed 
in a water bath at 40°C. This procedure was chosen for compliance with industry 
standard tests.  1 ml of each agitated suspension was taken at known time intervals over 
a period of 21 days. The extracted capsule samples were centrifuged at 7000 rpm for 1 
min and the supernatant analysed via GC. 
Samples were run on a Perkin Elmer Clarus 580GC using the following method and 
column: 
GC column: Elite-1 capillary column, length 30m, internal diameter 0.25mm. The 
column temperature was programmed from 50°C to 300°C at 20°C/min at a flow rate of 
2ml/min. 
All data was compared against a calibration curve of the encapsulated oil determined in 
the same continuous phase of 4:1 ethanol:water mixture. 
 
3.3.5.1 Testing for release of hexadecane from metal coated 
emulsion droplets using gas chromotography 
 
In a typical experiment, a known volume of hexadecane oil core was metal encapsulated 
[3.3.4.3]. 
Each sample was dispersed in 2 ml Milli-Q water and heated to 40°C. 8 ml absolute 
ethanol at 40°C was added to each sample and the capsules were redispersed and placed 
in a water bath at 40°C.  1 ml of each agitated suspension was taken at known time 
intervals over a period of 7 days. The extracted capsule samples were centrifuged at 
7000 rpm for 1 min and the supernatant analysed via GC. 
After 7 days the samples were centrifuged and pipetted onto a glass slide and the 
ethanol was allowed to evaporate. A second glass slide was then used to crush the ‘dry’ 
capsules and the crushed capsule / hexadecane oil core mix was carefully washed back 
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into a vial using 40mL of ethanol. This sample was then centrifuged at 7000 rpm for 1 
min and the supernatant analysed via GC. 
Samples were run on a Perkin Elmer Clarus 580GC using the following method and 
column: 
GC column: Elite-1 capillary column, length 30m, internal diameter 0.25mm. The 
column temperature was programmed from 50°C to 300°C at 20°C/min at a flow rate of 
2ml/min. 
All data was compared against a calibration curve of the encapsulated oil determined in 
the same continuous phase of 4:1 ethanol:water mixture. 
 
3.3.6 Florescent dye gold encapsulation 
 
Perylene, an oil soluble fluorophore, was dissolved in hexadecane and used as the oil 
phase to form gold coated capsules via the standard technique described above [3.3.4.3]. 
The continuous phase was then exchanged for an ethanol phase and left for 24hours. 
The capsules were then crushed with a glass slide and observed in visible and ultraviolet 
light.  
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3.4  General calculations 
 
3.4.1 Colloidal surface areas from size distribution data  
 
In order to calculate, for example, the surface area of a given sample one requires both 
the size distribution data and a total volume. The total surface area contribution at a 
particular size range (size bin limit) can then be calculated. These surface area 
contributions at the different size bin limits can be added together to find the total 
surface area of a sample. The surface area of known volumes of homogenised capsule 
dispersions can therefore be found [eq. 6]. 
 
Total surface area contributions from all size bin limits: 
 
Where: 
𝑑𝐿𝑖𝑚  Bin limit diameter       
𝑉𝑐𝑎𝑝 Particle volume at bin limit  
𝑠𝐿𝑖𝑚 Surface area of capsule at bin limit  
𝑉% Percentage volume contribution at bin limit  
𝑉𝑇 Final volume of dispersed phase    
𝑉𝐿𝑖𝑚 Actual volume contribution at bin limit  
𝑛𝐿𝑖𝑚 Number of capsules at bin limit 
𝑆𝐿𝑖𝑚 Total surface area of capsules at bin limit  
 
𝑉𝑐𝑎𝑝 = 4/3𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
3 
   
𝑠𝐿𝑖𝑚 = 4𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
2 
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𝑉𝐿𝑖𝑚=
𝑉%
100
∗ 𝑉𝑇 
     
𝑛𝐿𝑖𝑚 =
𝑉𝐿𝑖𝑚
𝑉𝑐𝑎𝑝
⁄ = 
6𝑉%𝑉𝑇
100𝜋(𝑑𝐿𝑖𝑚)3
⁄  
  
𝑆𝐿𝑖𝑚 = 𝑛𝐿𝑖𝑚𝑠𝐿𝑖𝑚 =
6𝑉%𝑉𝑇4𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
2
100𝜋(𝑑𝐿𝑖𝑚)3
⁄ = 
6𝑉%𝑉𝑇
100𝑑𝐿𝑖𝑚
⁄   
𝑆𝑇𝑜𝑡𝑎𝑙 = ∑
6𝑉%𝑉𝑇4𝜋 (
𝑑𝐿𝑖𝑚
2⁄ )
2
100𝜋(𝑑𝐿𝑖𝑚)3
= ∑
6𝑉%𝑉𝑇
100𝑑𝐿𝑖𝑚
∞
𝑑𝐿𝑖𝑚=0
 
∞
𝑑𝐿𝑖𝑚=0
  
 
eq. 6 
 
3.4.2 Image-J analysis NP adsorption density and size analysis 
 
Image analysis software (Image-J) was used to analyse nanoparticle adsorption 
densities. Raw transmission election microscope images were first adjusted for contrast. 
The threshold size was then set to a surface area 2-49 nm2 and the circularity was set to 
0.2-1.00. The resulting image was then made binary and the particles were 
automatically analysed to record the apparent cross sectional area of nanoparticles. In 
order to convert this to particle size, the surface area was used as an approximation of 
the Pt-NPs cross sectional surface area, assuming it was a perfect sphere. This surface 
area was then used to calculate equivalent particles diameters and a size distribution for 
the dispersion.  
 
3.4.3 Maximum percentage surface coverage of hexagonally close packed 
spheres 
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The the maximum surface area coverage of hexagonally packed spheres is given by the 
ratio of spheres surface inside the equilateral triangle to the surface area of the triangle 
itself. Therefore: 
Surface area of triangle side length 1: 
 
 ∆𝑠=
1
2⁄ 𝑏𝑎𝑠𝑒 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 =
1(√12 − 0.52
2
= 0.433 eq. 7 
 
Surface area of ‘sphere’ inside the triangle: 
 
 ∅𝑠 = 3(𝜋0.5
2(60 360⁄ )) = 0.393 eq. 8 
 
Ratio of  ∅𝑠 to  ∆𝑠 is equal to maximum possible surface area coverage: 
 
 ∅𝑠
 ∆𝑠
⁄ = 0.393 0.433⁄ = 0.91 ≅ 91% eq. 9 
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3.4.4 Number of NPs per unit volume 
 
Where: 
Ms  Mass of platinum salt used [3.3.2]    
Mp  Mass of platinum used       
Vaq  Volume of aqueous dispersion 
DPt  Density of platinum      
VPt  Therefore volume of atomic platinum per unit volume 
rNP  Average radius of NPs in the dispersion   
VNP  Average volume of a NP     
NNP  Number of NPs per unit volume    
 
Mass platinum atoms per unit volume  
𝑀𝑝
𝑉𝑎𝑞
⁄  
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑀𝑎𝑠𝑠 𝑉𝑜𝑙𝑢𝑚𝑒⁄  
 
Therefore volume of atomic platinum per unit volume (VPt): 
𝑉𝑃𝑡 =
𝑀𝑝
𝑉𝑎𝑞𝐷𝑃𝑡
 
𝑉𝑁𝑃 =
4
3
𝜋(𝑟𝑁𝑃)
3 
𝑁𝑁𝑃 =
𝑉𝑃𝑡
(
4
3𝜋
(𝑟𝑁𝑃)3)
⁄  
𝑁𝑁𝑃 =
𝑀𝑝
𝑉𝑎𝑞𝐷𝑃𝑡
(
4
3𝜋
(𝑟𝑁𝑃)3)
⁄  
𝑁𝑁𝑃 =
3𝑀𝑝
4𝜋𝑉𝑎𝑞𝐷𝑃𝑡(𝑟𝑁𝑃)3
 eq. 10 
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For the standard Pt-NP dispersion synthesised and used in this work, 0.23 g of  
H2PtCl6.6H2O  therefore 0.14g of platinum. Using the equations above [eq. 10] we find 
that the concentration of NPs per mL of dispersion works out at 4.6x1015 NPs per 
mL.  
In section 3.4.4 in which the Langmuir adsorption equilibrium constant and adsorption 
energy are determined, the concentration of Pt-NP is expressed as a molarity. Using eq. 
11 we get a concentration of 7.67x10-6M. 
 
Where: 
𝑐 Molarity (M) 
𝑁 Number of molecules (or in this case particles) present 
𝑁𝐴 Avogadro number (6x10
23mol-1) 
𝑉 Volume (L) 
 
𝑐 = 𝑁 𝑁𝐴𝑉
⁄  
 
eq. 11 
 
 
 
3.4.5 Expected inter-nanoparticle spacing on a microcapsule interface 
assuming 2D hexagonal packing 
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Figure 18 Schematic diagram of an array of hexagonal close packed spheres.  
 
Where: 
𝑛𝑁𝑃 Number of NP’s per unit area of capsule surface (surface density) 
LNP  Inter-nanoparticle spacing      
𝑛𝑡  Number of triangles per unit area     
𝑠𝑡  Surface area of a triangle     
𝑛𝑡  Number of triangles per unit area   
𝑆𝑐𝑎𝑝 Total surface area of capsules introduced   
 
𝑛𝑁𝑃 =
𝑁𝑁𝑃
𝑆𝑐𝑎𝑝
⁄  
 
Ratio of whole circles to whole triangles per unit area is 1:2 [Figure 18] therefore 
the number of triangles per unit area twice number of NPs per unit area. 
 
𝑛𝑁𝑃 = 2𝑛𝑡  
LNP 
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𝑠𝑡 = =
1
2
𝐿𝑁𝑃ℎ 
 
 
ℎ2 + (
𝐿𝑁𝑃
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eq. 12 
 
 
3.4.6 Polymeric microcapsule core shell size ratios  
 
Where: 
𝑀𝐷𝐶𝑀   DCM mass in core solution      
𝑀𝑇𝑜𝑙   Toluene mass in core solution     
𝑀𝑃𝐸𝑀𝐴  PEMA mass in core solution     
𝑉𝐷𝐶𝑀   DCM volume in original core solution     
𝑉𝑇𝑜𝑙   Toluene volume in original core solution     
𝑉𝑃𝐸𝑀𝐴   PEMA volume in original core solution 
𝜌𝐷𝐶𝑀  Density of DCM  
𝜌𝑇𝑜𝑙  Density of toluene 
𝜌𝑃𝐸𝑀𝐴  Density of PEMA   
%𝐷𝐶𝑀   % of DCM remaining after solvent extraction phase 
%𝑇𝑜𝑙   % of Toluene remaining after solvent extraction phase 
%𝑃𝐸𝑀𝐴   % of PEMA remaining after solvent extraction phase 
𝑉𝑐𝑜𝑟𝑒  Final core volume 
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𝑉𝑐𝑎𝑝   Final capsule volume 
𝑟𝑐𝑜𝑟𝑒   Final core radius 
𝑟𝑐𝑎𝑝   Final capsule radius 
 
𝜌𝐷𝐶𝑀 =
𝑀𝐷𝐶𝑀
𝑉𝐷𝐶𝑀
⁄               𝜌𝑇𝑜𝑙 =
𝑀𝑇𝑜𝑙
𝑉𝑇𝑜𝑙
⁄           𝜌𝑃𝐸𝑀𝐴 =
𝑀𝑃𝐸𝑀𝐴
𝑉𝑃𝐸𝑀𝐴
⁄  
𝑉𝑐𝑜𝑟𝑒 = 0.01 (
%𝐷𝐶𝑀𝑀𝐷𝐶𝑀
𝜌𝐷𝐶𝑀
+
%𝑇𝑜𝑙𝑀𝑇𝑜𝑙
𝜌𝑇𝑜𝑙
) 
𝑉𝑐𝑎𝑝 = 0.01 (
%𝐷𝐶𝑀𝑀𝐷𝐶𝑀
𝜌𝐷𝐶𝑀
+
%𝑇𝑜𝑙𝑀𝑇𝑜𝑙
𝜌𝑇𝑜𝑙
+
%𝑃𝐸𝑀𝐴𝑀𝑃𝐸𝑀𝐴
𝜌𝑃𝐸𝑀𝐴
) 
 
𝑉 =
4
3
𝜋𝑟3 
Therefore core and capsule radius are given by: 
 
𝑟𝑐𝑜𝑟𝑒 = √
0.03
4𝜋
(
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+
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)
3
 
 
Core shell ratio: 
 
𝑟𝑐𝑜𝑟𝑒
𝑟𝑐𝑎𝑝
=
%𝐷𝐶𝑀𝑀𝐷𝐶𝑀
𝜌𝐷𝐶𝑀
+
%𝑇𝑜𝑙𝑀𝑇𝑜𝑙
𝜌𝑇𝑜𝑙
%𝐷𝐶𝑀𝑀𝐷𝐶𝑀
𝜌𝐷𝐶𝑀
+
%𝑇𝑜𝑙𝑀𝑇𝑜𝑙
𝜌𝑇𝑜𝑙
+
%𝑃𝐸𝑀𝐴𝑀𝑃𝐸𝑀𝐴
𝜌𝑃𝐸𝑀𝐴
 
eq. 13 
  
        Page 78   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
4 Model capsule choice  
 
 
In order to characterize the resulting structures from each of the steps in the procedure, 
such as predicted nanoparticle adsorption densities or secondary metal film thicknesses, 
one needs to first define the polymeric microcapsule model system. This short chapter 
describes the model capsule system chosen for this work, and the characterization of 
key capsule properties such as oil core/ polymer shell volume ratios and colloidal 
surface areas. 
 
4.1 Model Capsule Selection and Characterisation  
 
 
Figure 19 Schematic diagrams (a-d) and corresponding optical and electron microscopy images (e-h) of 
the different phases from emulsion droplet to gold coated capsule (a) emulsion droplet, (b) capsule, (c) 
capsule with adsorbed NPs, (d)  Gold coated capsule, (e) emulsion droplet (optical microscopy), (f) 
capsule (TEM), (g) capsule with adsorbed NPs (TEM), (h)  Gold coated capsule (SEM) (inset gold coated 
capsule under visible light). Red box highlights the part of the process discussed in this chapter. 
 
The model system chosen was a toluene core, PEMA shell microcapsule (Tol/PEMA) 
formed by a solvent extraction method [Figure 19] [See section 3.3.1 for details of 
100nm 5µm 500nm 2µm 
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synthesis]. A core phase made up of a solution of Toluene and PEMA in DCM is 
homogenised with water containing a CTAB stabiliser. The resulting emulsion droplets 
are then stirred in an open container to allow the water soluble DCM, which acts as a 
good solvent for the PEMA, to diffuse into the water and then evaporate. As the core 
shrinks, its constitution changes from DCM rich to Toluene rich forcing the PEMA to 
precipitate and form a shell around the Toluene drop, in which it is not soluble. 
  
4.1.1 Choice of toluene core, PEMA shell microcapsules as a model system 
 
Tol/PEMA  microcapsules were chosen as a model system for several reasons. One of 
the aims of this thesis is to demonstrate ‘permanent’ encapsulation of highly volatile 
small molecules, toluene is an appropriate small volatile molecule. Also, understanding 
the kinetics and having some control over the adsorption of the NP catalyst and 
subsequent secondary metal film growth were two primary aims of this thesis.  There 
was therefore a requirement for robust capsules which keep their shape throughout 
several processing steps.  The proportions of toluene, DCM and PEMA used in the 
initial core solution [3.3.1] result in the production of thick shelled microcapsules with 
relatively inflexible interfaces providing a robust interface for NP adsorption. Figure 20 
shows an SEM micrograph of the dry capsules. The capsules keep their spherical shape 
on drying in a vacuum. 
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Figure 20 SEM image of dry Toluene core /PEMA shell capsules. 
 
In addition to this, the ability to use a short-chain surfactant (CTAB) as the stabiliser for 
the emulsion allows for a wide range of possible of catalytic nanoparticle adsorption 
techniques.  The hydrophilic charged head group allows for the adsorption of oppositely 
charged primary catalytic NPs or allows the charge to be reversed by using, for 
example, layer-by-layer polyelectrolyte techniques. The short chain surfactant also 
creates no steric hindrance to the adsorption of surface active polymerically stabilised 
catalytic NPs.  
 
4.1.2 Capsule core/shell volume ratios and dispersion surface area  
 
In order to calculate, for example, catalytic NP adsorption densities or secondary metal 
film thicknesses it is necessary to have some understanding of the process of formation 
and final structure of the core shell capsules, such as, expected core / shell volume ratios 
or capsule surface areas. 
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To measure the surface area of the capsules two pieces of information are required; the 
final capsule size after capsule formation and the final total volume.  
 
Figure 21 shows the mean size distribution as a function of time for capsules measured 
from the start of the solvent evaporation phase. The size distribution was measured over 
a period of 9 hours. It should be noted that the continuous phase was pre saturated with 
both DCM and Toluene prior to homogenisation in an attempt to slow the initial solvent 
evaporation phase in order to capture the initial size distribution prior to shrinkage 
[3.3.1]. 
 
 
Figure 21 Shows low angle laser light scattering (LALLS) (Mastersizer) size distribution data for 
Tol/PEMA capsules. The first 3 data points were measured by adding the emulsion directly after 
homogenization into the Mastersizer [3.2.9]. The other samples were taken from normal procedure over 
the first 10 hours of solvent extraction. The inset shows the actual size distribution by volume for the first 
4 points. 
 
We can see from Figure 21 that the emulsion droplets initially reduce in size from ~9µm 
to ~2µm across the first 10 minutes of the solvent extraction phase. The capsules then 
remain at this size until the end of the synthesis. Accurate final size distribution data is 
therefore easy to obtain.  
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Obtaining an accurate figure for the final volume of the sample is however non trivial. 
We know that the capsules shrink during the dilution phase of the synthesis as the DCM 
evaporates into the continuous phase forcing the PEMA to precipitate and form a shell. 
We also know that because the highly volatile DCM is both soluble in the forming 
PEMA shell and the aqueous continuous phase 100% of the DCM is released from the 
forming capsule over the 24hour solvent evaporation phase. However, for the following 
reasons we cannot simply make the assumption that the final volume is the original 
volume of polymer plus the original volume of Toluene: 
Toluene is, to a small extent, soluble in water (0.52 g/L (20 °C)) and therefore a 
relatively small proportion of the Toluene will also be lost during the DCM extractions 
phase which in turn may affect the final volume of the capsules. 
As the relatively thick polymeric shell precipitates out around the shrinking oil core it 
may inhibit complete size reduction down to the volume of the poor solvent (toluene) 
plus the polymer (PEMA). If the forming shell arrests the reduction in size, because the 
100% of the DCM will leave by diffusion, it is possible that  water ingress occurs to 
make up the volume. 
    
4.1.2.1 Solutions to the final volume problem 
 
The initial core volume is precisely known and therefore if we could precisely know the 
initial size distribution after homogenisation but prior to solvent extraction we could use 
the initial size distribution and initial volume to calculate the number of emulsion 
droplets in the sample. We could then make the reasonable assumption that the 
dispersion remains stable throughout the solvent extraction phase and therefore the 
number of particles does not change. We would then be able to use the total number of 
particles and the final size distribution to calculate the final volume and surface area. 
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Figure 22 Graph showing the experimentally measured initial emulsion size distribution and the final 
capsule size distribution after the solvent extraction phase is complete. The dotted lines represent size 
distribution data calculated from the measured initial size distribution and show calculated size 
distributions for 100%DCM loss, 100%DCM and 50% toluene loss, 100%DCM and 85% toluene loss 
and 100%DCM and 99% toluene loss. 
 
Figure 22 shows the experimentally measured initial emulsion size distribution by 
volume and the final capsule size distribution after the solvent extraction phase is 
complete by volume. The dotted lines represent size distribution data calculated from 
the measured initial size distribution and show calculated size distributions for 
100%DCM loss, 100%DCM and 50% toluene loss, 100%DCM and 85% toluene loss 
and 100%DCM and 99% toluene loss. The projected size distributions are calculated in 
the following way. Each bin limit within the size distribution undergoes the following 
mathematical transformation.  
 
Where: 
𝑑1  Initial bin limit diameter        
𝑉1 Initial particle volume at bin limit  
∆𝑐𝑜𝑟𝑒 Chosen percentage reduction in volume of core phase    
𝑉2 Final particle volume at bin limit      
𝑑2  Final bin limit diameter  
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𝑉1 = 4/3𝜋(
𝑑1
2⁄ )
3 
eq. 14 
 
𝑉2 =
𝜋
75⁄ (100 − ∆𝑐𝑜𝑟𝑒)(
𝑑1
2⁄ )
3 
eq. 15 
 
𝑑2 = (1 −
∆𝑐𝑜𝑟𝑒
100
) (
𝑑1
2
)
3
 eq. 16 
   
The new diameter (𝑑2) is then allocated to the original volume percent (𝑉1) at the 
original diameter (𝑑1). 
 
We can see from Figure 22 that only the size distribution for 100%DCM and 99% 
toluene loss fits with the final size distribution found experimentally. The implication is 
therefore that ~100% of the core has diffused out during the solvent extraction phase 
and therefore we should be left with capsules which have no core and are 100% PEMA. 
However there are several pieces of data that contradict this finding.  
 
1. TEM microtomes of the capsules show the presence of a small core in a high 
proportion of the capsules. Figure 23a shows ~100nm thin slice of capsules set in 
epoxy resin [3.2.7]. Small cores are clearly visible in a number of the capsules. It 
should be noted that the cores are small enough to be not visible in all capsules 
because of the core position relative to the shell and the random microtome slice 
position though the core.  
 
2. When the surface from which the microtomed samples were taken was observed by 
SEM, voids were visible where, it could be argued, liquid cores had evaporated 
away [Figure 23b]. If the cores were made up of 100% solid PEMA one would not 
expect to see core/shell structure. In addition to this, all cores appear to have shrunk 
somewhat creating depressions. Although further work would be required to 
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confirm the following, it is likely that core shrinkage would not be observed if the 
cores were 100%PEMA. One possible explanation of the core shrinkage is that the 
PEMA shell remains solvated to some extent by the core solvent and, when cut 
open, releases the remaining solvent forcing the PEMA shell to loose mass and 
volume. 
 
3. Gas chromatography was used to measure the release of toluene from the fully 
formed capsules and showed that ~15% of the toluene remains present in the 
capsules. We can see from Figure 22 (dotted blue line) that at 100% DCM and 85% 
toluene loss the projected size distribution is larger than the measured final size 
distribution. We therefore know that our measured initial size distribution of the 
capsules  must be too large. This increase in size distribution must occur in the time 
between the homogenisation step and the measurement via LALLS (mastersizer). 
For example, it could be due to some level of emulsion droplet coalescence when 
the dispersion is pumped through the machine. 
 
 
a 
Empty cores 
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Figure 23 (a) ~100nm thin microtomed samples of metal coated Toluene core / PEMA shell capsules 
showing core /shell structure  and (b) an SEM image of the block from which the microtomes were taken 
showing voids in the cores of sliced capsules and depressed cores relative to the original slice position 
 
Figure 24 is a schematic diagram showing the ratio of the core diameter to the total 
capsule diameter for a capsule which has lost volume, during the co-solvent extraction 
phase [3.3.1], 100% of the DCM and 85% loss of Toluene. Assuming the remaining 
PEMA and Toluene phase separate into a perfect core shell structure and there is zero 
water ingress, it can be seen that the core diameter should be 71% of the total capsule 
diameter.  It is worth noting that the predicted core/shell ratio calculated using eq. 13, at 
100% DCM and 85% Toluene loss [Figure 24], appears to be larger than the core/shell 
ratio pictured in Figure 23a. We know from the GC measurements that 15% of the 
Toluene remains. One explanation for this could be incomplete PEMA/Toluene phase 
separation. This lends weight to the explanation given previously for the observed 
partial collapse of the cores in Figure 23b. 
 
 
Figure 24 Schematic diagram showing the ratio of the core diameter to the total capsule diameter for a 
capsule which has lost volume, during the co-solvent extraction phase [3.4.6], which is equivalent to  
100% loss of DCM and 85% loss of Toluene [eq. 13]. 
 
 
 
b 
71% 100% 
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It is known that the final size distribution is correct and, from GC, that 15% of the 
toluene remains present in the core after capsule formation. It is therefore concluded 
that the final total volume of capsule must be at least as big as 100% of the original 
PEMA plus 15% of the original toluene.  
It is therefore known that the minimum final volume is ~8% of the original core volume 
used in the synthesis. In our case 7mL of core solution is used and therefore the total 
minimum volume of capsules after the co-solvent extraction has taken place should be 
~0.56mL. This volume was used in all future calculations.  
 
4.1.2.2 Calculating the dispersion surface area 
 
Now that a figure for final size and final volume has been agreed upon the total surface 
area of our sample can be calculated.  
Figure 25 shows the size distribution of our capsule dispersion by both volume and 
number percent. The first thing to note is that both curves are not perfect normal 
distributions but are in fact skewed towards larger capsules. Therefore taking the 
‘mode’ or peak of these graphs as the mean is incorrect as the mean occurs at a 
somewhat larger size than the mode.  However, even if correct values for the mean are 
found, two problems remain. Firstly, which of the two graphs, size by volume% or size 
by number %, should the mean be taken from? Secondly, is it acceptable to take the 
mean diameter as representative of the whole sample? In other words, do the capsules 
which are smaller than the mean contribute to the total surface area in a mirrored way to 
the capsules which are larger? As surface area is proportional to the square of the 
diameter the two surface areas on either side of the mean do not mirror each other and 
therefore using the mean size is not an accurate way of measuring the total surface area. 
The mastersizer instrument is capable of calculating surface area from the measured size 
distribution. However, for the purpose of understanding the characteristics of our 
distributions specifically these calculations were carried out separately as highlighted 
below. 
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Figure 25 Show the fully formed PEMA/Toluene capsule size distribution as a percentage of sample 
volume and number. 
 
A more accurate way of using the size distribution data is to calculate the total sample 
surface area by calculating the surface area contribution from each of the bin limits 
within the size distribution by volume percent and then totalling up all the surface area 
contributions to find the total sample surface area.  
 
Total surface area contributions from all size bin limits: 
 
Bin limit diameter     𝑑𝐿𝑖𝑚  
Particle volume at bin limit    𝑉𝑐𝑎𝑝 
𝑉𝑐𝑎𝑝 = 4/3𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
3 
Surface area of capsule at bin limit   𝑠𝐿𝑖𝑚  
𝑠𝐿𝑖𝑚 = 4𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
2 
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Percentage volume contribution at bin limit 𝑉% 
Final volume of dispersed phase   𝑉𝑇 
Actual volume contribution at bin limit  𝑉𝐿𝑖𝑚 
𝑉𝐿𝑖𝑚=
𝑉%
100
∗ 𝑉𝑇 
 
Number of capsules at bin limit   𝑛𝐿𝑖𝑚  
𝑛𝐿𝑖𝑚 =
𝑉𝐿𝑖𝑚
𝑉𝑐𝑎𝑝
⁄ = 
6𝑉%𝑉𝑇
100𝜋(𝑑𝐿𝑖𝑚)3
⁄  
 
Total surface area of capsules at bin limit  𝑆𝐿𝑖𝑚 
  
𝑆𝐿𝑖𝑚 = 𝑛𝐿𝑖𝑚𝑠𝐿𝑖𝑚 =
6𝑉%𝑉𝑇4𝜋(
𝑑𝐿𝑖𝑚
2⁄ )
2
100𝜋(𝑑𝐿𝑖𝑚)3
⁄ = 
6𝑉%𝑉𝑇
100𝑑𝐿𝑖𝑚
⁄   
 
𝑆𝑇𝑜𝑡𝑎𝑙 = ∑
6𝑉%𝑉𝑇4𝜋 (
𝑑𝐿𝑖𝑚
2⁄ )
2
100𝜋(𝑑𝐿𝑖𝑚)3
= ∑
6𝑉%𝑉𝑇
100𝑑𝐿𝑖𝑚
∞
𝑑𝐿𝑖𝑚=0
 
∞
𝑑𝐿𝑖𝑚=0
  
 
eq. 17 
 
Error! Reference source not found. shows a plot, generated from the equation above 
[eq. 17], of total capsule surface area as a function of percentage of original sample 
used. For comparison, plots showing what the relationship between these two variables 
would be if we used the mean size by volume and the mean size by number in our 
calculations.  
 
        Page 90   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
 
Figure 26 Graph of total capsule surface area as a function of percentage of original synthesis volume. 
 
We can see from the graph that 100% of the original sample has a surface area of  
2.03x1012 µm2  which is just over 2 m2.  In the original synthesis of the capsules 7 mL 
of core solution was homogenized with 7 mL of the CTAB solution which was 
subsequently diluted to 100 mL with CTAB solution. We calculate that the oil phase 
reduces in volume by ~92% therefore the total final volume of the capsules are 
dispersed in is ~93.6mL. However actual measured final total volumes were ~92 mL 
because of water evaporation over the 24hour solvent extraction phase. Therefore the 
surface area per mL of capsule dispersion should be approximately 2.2x1010 µm2 mL-1.  
This figure represents a good approximation for the surface area of the microcapsules 
post solvent extraction phase prior to washing via centrifuge [3.3.1]. The washing phase 
involves 3 wash cycles to remove excess CTAB from the original synthesis. In section 
6.3.3 it is proved that the surface area is at least 2/3 smaller than expected from these 
calculations. Although it is likely we disproportionately lose the small capsules during 
the centrifuge phase, these calculations use the capsule size distribution post wash cycle 
and are therefore representative of the sample. 
Subsequent calculations involving capsules surface area should then take into account 
the potential loss of capsules throughout the washing process therefore correlations 
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made for the subsequent steps of the process should fit within the range defined by the 
minimum (7.3x109 µm2mL-1) and maximum (2.2x1010 µm2mL-1) surface areas. 
 
 
 
 
 
 
 
 
 
4.2 Conclusion 
 
Toluene core PEMA shell capsules were successful synthesised using a cosolvent 
extraction method. Tol/PEMA microcapsules were chosen as a model system for our 
studies firstly because Toluene was an appropriate small volatile molecule for release 
studies and secondly the capsules formed relatively thick, robust shells (at least 29% of 
the capsule radius [Figure 24]) which keep their shape throughout several processing 
steps and form a suitable interface for subsequent metal film growth. 
TEM microtomes of the capsules show the presence of a small core in a high proportion 
of the capsules [Figure 23a]   
When the surface from which the microtomed samples were taken was observed by 
SEM not only were voids visible where, it could be argued, liquid cores had evaporated 
away but all cores appeared to have collapsed somewhat creating depressions. One 
explanation of the core shrinkage is that the PEMA shell remains solvated, to some 
extent, by the core solvent and, when cut open, releases the remaining solvent forcing 
the PEMA shell to loose mass and volume. 
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Gas chromatography showed that ~15% of the toluene remained present in the capsules 
after synthesis. Given 85% loss of Toluene, it is calculated that that the core diameter 
should be 71% of the total capsule diameter. The minimum possible final volume is 
8.1% of the original core volume used in the synthesis (in the case of this synthesis is 
~0.4mL).  
This volume was used along with the final measured size distribution to calculated total 
final sample surface area. According to these figures the final sample [3.3.1] has a 
surface area of ~2.03x1012 µm2  which is just over 2m2. However, subsequent 
experiments showed that ~2/3 of the capsules were being lost during wash cycles and 
therefore correlations made for the subsequent steps of the process should fit within the 
range defined by the minimum (7.3x109 µm2mL-1) and maximum (2.2x1010 µm2mL-1) 
surface areas. 
 
The use of toluene as the capsule core allowed us to demonstrate the presence of an, 
albeit small, volume of encapsulated oil. Therefore these capsules provide a suitable 
basis for investigating the ability of the method described in the introduction to 
successfully grow a metal shell on the surface. As will be demonstrated in section 6.4 
the amount of core oil encapsulated may not provide sufficient evidence to demonstrate 
the expected release characteristics. Therefore subsequent studies also looked at using 
less soluble oil to encapsulate.   
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5 Adsorption of catalytic NPs on 
relevant polymer substrates 
 
 
5.1 Synopsis 
 
The focus of this chapter is the adsorption of the catalytic NPs onto the polymeric 
microcapsule surface [Figure 27]. In the method we have developed for permanent 
encapsulation of small, volatile species, we use platinum nanoparticles (Pt-NPs) to 
catalyse the growth of a homogeneous polycrystalline gold film via electroless 
deposition [see sections 3.3.3 and 3.3.4 for full methodology]. As mentioned previously, 
the critical step in this procedure is ability of the catalytic nanoparticles to adsorb 
efficiently on the surface to be metal-coated. Indeed, surface adsorption homogeneity, 
surface density and energy of adsorption of the primary catalytic nanoparticles are 
important variables which affect the quality of subsequent secondary metallic film. 
Therefore, a good understanding of Pt-NP adsorption kinetics and some level of control 
over the adsorption density is paramount for the permanent encapsulation of the desired 
species. In addition, catalysts for electroless deposition tend to be Noble metals such as 
Pt, Pd and Au and are expensive; therefore, efficient use will play an important role in 
the cost-effectiveness of the process. 
 
PVP stabilised Pt-NPs are particularly suitable for this work. Platinum is known to be a 
very good catalyst for the growth of gold via electroless deposition [64] and because 
catalytic activity is proportional to available surface area Pt in its nano-particulate form 
is very efficient per unit mass. In addition to this, PVP has an ability to physisorb to a 
broad range of interfaces as a result of the polarity of the polymer [75] (including 
polymeric, charged surfaces and some liquid/liquid interfaces). However, PVP also 
provides good steric hindrance when used as a stabiliser for the platinum NP cores. This 
allows for the creation of stable Pt-NP dispersions that are highly surface active and 
show good catalytic activity for the reduction of gold. 
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5.2 Introduction 
 
In this chapter we use quartz crystal microbalance (QCM) and transmission electron 
microscopy (TEM) to explore Pt-NP adsorption density as a function of several 
variables, such as NP concentration in the continuous phase, temperature and adsorption 
time.  
 
 
Figure 27 Schematic diagrams (a-d) and corresponding optical and electron microscopy images (e-h) of 
the different phases from emulsion droplet to gold coated capsule (a) emulsion droplet, (b) capsule, (c) 
capsule with adsorbed NPs, (d)  Gold coated capsule, (e) emulsion droplet (optical microscopy), (f) 
capsule (TEM), (g) capsule with adsorbed NPs (TEM), (h)  Gold coated capsule (SEM) (inset gold coated 
capsule under visible light). Red box highlights the part of the process discussed in this chapter. 
 
Firstly, the effect of polymeric stabiliser concentration on Pt-NP synthesis and their 
resulting diameter is briefly explored. From this study a specific set of nanoparticles 
were chosen to subsequently use for adsorption onto the polymer substrates.  
Nanoparticle adsorption onto 2D polymer substrates (used as a model surface for the 
polymer microcapsules) was then characterised to guide the choices made for 
experimental conditions when adsorbing nanoparticles to the 3D capsule surface. In 
particular, NP adsorption kinetics was explored in detail in this part of the chapter. For 
these experiments, polymeric thin films were spin coated onto quartz crystals [3.2.3] 
100nm 5µm 500nm 2µm 
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and dip coated onto TEM grids [3.2.3]. These respective polymer substrates were then 
characterised and NP adsorption was monitored with QCM [3.2.2] and TEM [3.2.5]. 
This chapter is broken down into three main sections, firstly the nanoparticles were 
characterised using TEM. Secondly, 2D spin coated polymeric films were used as a 
model system to study the adsorption kinetics of the Pt-NPs using QCM and TEM. 
Finally, TEM was used to measure Pt-NP adsorption density directly onto 3D 
microcapsule interface. PEMA/Toluene core/shell capsules were used for the 3D studies 
[3.3.1].  
 
5.3  Nanoparticle characterisation 
 
5.3.1 PVP stabiliser concentration vs resulting Pt-NP dispersion size 
 
It is important to characterise and understand the synthesised Pt-NPs prior to using the 
dispersion in the adsorption experiments. This part of the work therefore was designed 
to understand what level of control one can have on the synthesis of the catalytic 
nanoparticles and to focus on one specific particle size to be used for the subsequent 
experiments involving the adsorption of the nanoparticles onto the polymer substrates. 
In particular, the influence of polymer stabiliser concentration on the characteristics of 
the resulting nanoparticles was of interest. 
Platinum nanoparticles were synthesised by adding known quantities of a polymeric 
stabiliser (Polyvinylpyrrolidone (PVP)) into a platinum salt solution (chloroplatinic 
acid) and adding a reducing agent (Sodiumborohydride) [3.3.2]. Platinum ions from the 
salt are reduced to atomic platinum. The atomic platinum then nucleates and grows into 
nanoparticles which are subsequently sterically stabilised by the PVP polymer chains.  
Equation eq. 18 shows the chemical equation for the process. 
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𝑁𝑎𝐵𝐻4 + 𝐻2𝑃𝑡𝐶𝑙6 + 3𝐻2𝑂 → 𝑃𝑡 + 𝐻3𝐵𝑂3 + 5𝐻𝐶𝑙 + 𝑁𝑎𝐶𝑙 + 2𝐻2 
𝑃𝑡𝐶𝑙6
2−(𝑎𝑞) + 𝐵𝐻4
−(𝑎𝑞) + 3𝐻2𝑂 → 𝑃𝑡
0 + 𝐻2𝐵𝑂3
−(𝑎𝑞) + 4𝐻+(𝑎𝑞) + 6𝐶𝑙−(𝑎𝑞) + 2𝐻2(𝑔) 
eq. 18 
 
Figure 28 shows a TEM micrograph of the Pt-NPs adsorbed onto a PEMA coated TEM 
grid. The Pt-NPs are shown to be somewhat spherical in shape and are approximately 
3nm in diameter. 
 
 
Figure 28 Shows a TEM micrograph of the Pt-NPs adsorbed onto a PEMA coated TEM grid [3.2.3]. 
 
Figure 29 shows a graph of Pt-NP size as a function of PVP concentration. Several Pt-
NP dispersions were made up using different concentrations of PVP polymeric 
stabiliser. The Pt-NPs were then adsorbed onto dip coated TEM grids [3.2.3] and 
micrographs of the nanoparticles were analysed using image-J [3.4.2].  
 
10nm 
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Figure 29 shows a graph of Pt-NP size as a function of PVP concentration. Several Pt-NP dispersions 
were made up using different concentrations of PVP polymeric stabilizer. Error bars show the standard 
deviation for each size distribution.  
  
The NP core diameters appear to be inversely proportional to the log of the 
concentration of PVP used to stabilise the NP dispersion. The higher concentration of 
polymer chains appears to be able to stabilise more nucleating NPs resulting in an 
increased number of smaller NPs. This relationship between polymeric stabilizer 
concentration and resulting NP mean size is found in the literature [76]. Pt-NP 
dispersions remained stable and monodisperse for this entire range of different PVP 
stabilise concentrations. To date these dispersions have remained stable for a period of 8 
months at ~20oC showing little or no sign of flocculation / precipitation. It should be 
noted that Pt-NPs synthsised using lower than 0.0015wt% of PVP stabiliser were not 
stable. A large proportion of the Pt precipitated out of dispersion in a matter of hours 
forming a dark ‘sludge’ at the bottom of the vial.   
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5.3.2 Ratios of free PVP to Pt-NPs 
 
Calculations of the ratio of number of NPs to number of polymeric chains show that 
most examples of polymerically stabilised NP synthesis in the literature introduce a 
great deal more polymer chains than the number of NPs they are synthesising [64, 77, 
78].  Table 1 shows several examples from the literature of resulting ratio of number of 
polymer chains to number of NPs found in the respective polymer stabilized NP 
synthesis. The number of polymer chains was calculated from the volume of polymer 
solution used and the molarity using Avogadro’s number. The number of NPs was 
calculated by converting the mass of metal in the metal salt used into a volume and 
dividing though by the volume of a single NP of mean diameter.  
 
Author 
Stabilising 
Polymer 
Number of 
polymer 
chains 
Nanoparticle 
type 
Diameter 
of NP 
(nm) 
Number of 
NPs 
produced 
Ratio 
Polymer 
chains to 
NPs 
Jiang et al PDDA 1.2x10+21 Platinum 2 4.2x10+18 2.8x10+02 
Pastoriza-Santos PVP 4.6x10+21 Gold 3 3.5x10+18 1.3x10+03 
Pastoriza-Santos PVP 4.6x10+21 Silver 3 6.4x10+15 7.1x10+05 
Horiuchi et al PVP 1.5x10+19 Platinum 3 1.7x10+16 8.8x10+02 
Table 1Shows several examples from the literature of resulting ratio of number of polymer chains to 
number of NPs found in the respective polymer stabilized NP synthesis [64, 77, 79]. 
 
If we take the lowest ratio of 280:1 from the examples in Table 1 and look at the 
polymer chain molecular mass (40KDa) and the resulting NP diameters, it is clear that 
no more than a few polymer chains could possibly fit around the NP cores. A 40KDa 
chain of PVP has a diameter of gyration of approximately 11.4nm. (see section 5.5.3 for 
calculation of  𝑅𝑔), therefore few chains would be able to fit around a 2nm platinum NP. 
These geometrical limitations apply to all of the examples in Table 1. On this basis it is 
highly likely that excess polymer is left over from the synthesis. 
Procedures for the synthesis of polymerically stabilised nanoparticles typically do not 
remove the excess polymer present in the bulk prior to use and therefore any free 
polymer may affect the subsequent adsorption of the nanoparticles onto the polymeric 
capsule shells. 
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Understanding the ratio of free PVP polymer to Pt-NPs is therefore important. It should 
help us form NP dispersions which are more surface active, give insight into why 
dispersions becomes unstable at a given stabiliser concentration and may provide 
information to help us describe NP morphology and potentially NP growth mechanisms. 
In order to find the approximate ratio of PVP chains to Pt-NPs in the synthesised 
dispersions, we need the following information; size distribution of the NPs, the mean 
polymeric PVP chain length and the mass of Platinum and PVP introduced in the 
original synthesis.  
If we assume 100% conversion of platinum salt to platinum during the NP synthesis we 
can then use the mass of Pt introduced and the measured mean size of the metallic NP 
cores from TEM to calculate the number of NPs in the resulting dispersion (This 
procedure is described in detail in section [3.4.4]). The number of polymer chains can 
easily be calculated from the molar mass of polymer introduced during the NP synthesis  
and the mass of a single mean polymeric chain, which in our case is 40KDa. The 
evolution of the particle average size (as determined by TEM observations) and the 
number of particles in the sample can then be plotted on the same graph as a function of 
the number of PVP chains introduced in the synthesis [Figure 30]. 
 
 
Figure 30 Graph of PVP weight % used in Pt-NP synthesis [ref] verses the number of Pt-NPs (black 
squares) and mean NP diameter (red diamonds). 
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Figure 30 shows that as the mean size of Pt-NP decreases with increasing PVP 
concentration the corresponding number of Pt-NP and therefore the dispersion 
concentration, NPs per unit volume, increases.  
It is also possible to plot log(10) of concentration of PVP used in the different syntheses 
against log(10) of the ratio of number of NPs to number of PVP chains, which gives a 
straight line which passes through a concentration of ~0.02wt%PVP at a ratio of 1:1 
[Figure 31].  
 
 
Figure 31 Graph of PVP weight % used in Pt-NP synthesis verses the ratio of number of NPs to number 
of PVP chains in the dispersion. 
 
Irrespective of the confidence we have in the linearity of the log-log plot and where that 
line crosses the y-axis, the implication of this is that at the two lowest PVP 
concentrations used there are less PVP chains in the system than NP cores (assuming all 
of the platinum salt used in the synthesis becomes NPs).  
In this synthesis, only three possible outcomes of the reaction taking place are possible. 
a) a proportion of the NPs are being stabilised by single PVP chains, b) sufficient Pt 
remains unstable and is precipitated out allowing the remaining Pt-NPs to be stabilised 
by 1 or more PVP chains or c) even though stoichiometrically we are using an excess of 
reducing agent (3.75:1 NaBH4:Pt salt) all the platinum is for some reason not being 
reduced. 
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5.4 Adsorption characteristics of Pt-NPs on model 
spin coated and dip coated polymeric films (2D) 
 
The spin coated Poly(ethyl methacrylate) (PEMA) films [3.2.3] were first characterised 
by AFM to ensure smooth continuous homogeneous films were present. Known 
concentrations of Pt-NPs were then injected into a chamber above an oscillating quartz 
crystal and analysed via QCM by measuring the change in frequency of the quartz 
crystal as the Pt-NPs adsorbed and the crystals effective mass changed [3.2.2]. 
 
5.4.1 Characterisation of spin coated PEMA film used in QCM work 
 
PEMA was used as the polymeric shell on the chosen model microcapsule system onto 
which nanoparticles were adsorbed and metal films were grown [3.3.1]. Therefore 
PEMA was also used as a model polymer substrate to carry out adsorption studies in the 
QCM on a 2-dimensional substrate. 
Firstly, PEMA films were spin coated onto a glass slide [3.2.3] and their thickness was 
measured via AFM. Under AFM, which has a height resolution of approximately 1nm, 
the glass slide surface appeared to be completely flat. We wanted the spin coated PEMA 
film to be as flat as possible and therefore decided to make the film thin (less than 
10nm) in order that its upper surface, as closely as possible, mapped the underlying flat 
glass. We also required the PEMA to be a complete homogeneous film. 
Multiple scalpel score lines were indented through the polymer films to expose the bare 
surface to facilitate thickness measurements. Subsequently, thicknesses of the polymer 
films were measured with the AFM between the exposed underlying glass slide and the 
top of the polymer film.  
Figure 32 shows an AFM micrograph of the 3 example sections across a PEMA/Glass 
slide boundary. The glass slide was revealed by scoring with a scalpel blade. The graph 
shows the corresponding height data for multiple sections across the boundary. Lines of 
best fit were generated by the least squares method from the height data for the glass 
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slide and the PEMA surface for each section. The height difference was measured for 
each section and these measurements were averaged.   
 
 
Figure 32 Showing an AFM micrograph of the 3 example sections across a PEMA/Glass slide boundary. 
The glass slide was revealed by scoring with a scalpel blade. The graph shows the corresponding height 
data for multiple sections across the boundary. Lines of best fit were generated by the least squares 
method from the height data for the glass slide and the PEMA surface for each section. The height 
difference was measured for each section and these measurements were averaged.   
 
Films were shown to be flat with a roughness of the order of less than a nanometer and 
mean film thickness was measured at ~3 nm [Figure 32]. Films were also shown to be 
largely uniform. 
 
5.4.2 Energy and rate of adsorption of Pt-NPs onto polymeric thin films 
using QCM  
 
The same PEMA films were also spin coated onto SiO2 QCM crystals. An assumption 
was made that the film was the same as the film on the glass slides described previously 
[5.4.1] because 1) the QCM crystal surface is designed to be very flat, 2) the QCM 
crystal surface is essentially made of the same material as the glass slide (SiO2) and 3) 
spin coating thickness is generally not a function of surface area. 
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The crystals were subsequently used as a 2D model system for the 3D PEMA shell 
microcapsules. Pt-NPs were introduced as a dispersion into the QCM and the 
corresponding frequency change was recorded. 
The QCM uses a quartz crystal resonator to measure mass adsorption onto the crystal 
interface. The crystal is placed into a chamber into which liquids can be injected and an 
oscillating electrical signal is sent across the crystal and tuned to set up a resonance 
within the crystal. The frequency change is proportional to the adsorbed mass and can 
be correlated to the mass change using Sauerbrey’s equation: 
 
∆𝑓 = −
2𝑓𝑜
2∆𝑚
𝐴√𝜌𝑞𝜇𝑞
 
 
eq. 19 
 
∆𝑚 =
−𝐴√𝜌𝑞𝜇𝑞
2𝑓0
2 Δ𝑓 eq. 20 
 
Where: 
𝑓𝑜  – Resonant frequency (Hz) 
∆𝑓  – Frequency change (Hz) 
∆𝑚  – Mass change (g) 
𝐴  – Piezoelectrically active crystal area (Area between electrodes, cm2) 
 𝜌𝑞 – Density of quartz (~2.643 g/cm
3) 
 𝜇𝑞 – Shear modulus of quartz for AT-cut crystal (~2.947x10
11 g·cm−1·s−2) 
 
 
Figure 33 shows a graph of QCM frequency as a function of time. The QCM chamber 
was first filled with water and the frequency was allowed to settle. The Pt-NP dispersion 
was then introduced to the crystal surface at a concentration of  4.6x1015 L-1  (100% of 
original dispersion concentration [3.3.2]). A rapid frequency change was observed 
followed by a plateauing of the signal. The frequency change is due to the NPs 
adsorbing on the PEMA surface and that adsorption reaching equilibrium in less than a 
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minute after which no further adsorption takes place (Figure 43 shows that equilibrium 
is reached in less than a minute for all NP concentrations used (2.8x1016 - 4.6x1015L-1 
(6-100%)). 
 
 
Figure 33 QCM adsorption data showing the adsorption of Pt-NPs (Pt-NPs synthesized with 0.0015wt% 
PVP [3.3.2]) 
 
Figure 34 shows the effect of multiple wash cycles on the system in equilibrium shown 
in Figure 33. Pt-NPs are adsorbed on a QCM crystal previously coated with a thick 
layer of PEMA. In this experiment, Pt-NPs are introduced to the QCM cell above the 
coated crystal at t = 9 minutes at which point a drop in frequency is observed as the Pt-
NPs adsorb to the polymeric surface. Labels 1-6 show the effect of 6 consecutive wash 
cycles after the initial NP adsorption. Each wash cycle is simply the introduction of 
5mL of fresh Milli-Q water [3.2.2]. 
After the first wash an increase in frequency and therefore a loss of mass from the 
crystal is observed. This is probably due to loosely adsorbed NPs being removed. 
However all subsequent wash cycles show a comparatively small frequency change. 
The temporary trough in the frequency data upon each wash is due to the pressure wave 
caused by the replacement of the bulk phase. This graph demonstrates that once a first 
wash with pure water is applied (mimicking a centrifugal washing step in the process 
where the Pt NPs are adsorbed on the surface of microcapsules), only minimal changes 
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in frequency (and thus in mass adsorbed) are recorded. Wash cycle 6, involved 
continual flow of water onto the crystal for several minutes, after which no change in 
frequency was observed demonstrating that the total adsorbed mass remains stable 
throughout this process.  
 
 
Figure 34 QCM Pt-NP adsorption data showing the effect of multiple wash cycles on the adsorbed Pt-NPs 
film. Pt-NPs are introduced at 9 mins. Labels 1-6 show the effect of 6 consecutive wash cycles. The 
temporary trough in the frequency data apon each wash is due to the pressure wave caused by the 
replacement of the bulk phase (Pt-NPs synthesized with 0.0015wt% PVP [3.3.2]) 
 
In order to use the Pt-NPs as a catalyst for the growth of a secondary metallic film we 
require high surface adsorption densities with good adsorption energies of many times 
kT in order that the NPs remain attached during wash cycles. Figure 34 shows that the 
Pt-NPs reach equilibrium in less than a minute, stay attached over long time frames and 
remain attached though multiple wash cycles. It is clear therefore that the Pt-NPs adsorb 
sufficiently strongly to sustain the washing steps applied in our procedures.  
The same Pt-NPs were subsequently used in further experiments with the aim of 
exploring how much control towards particle adsorption densities could be achieved 
using this particular system.  
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5.4.3 Excess polymer stabiliser in the NP suspension can influence NP 
adsorption density onto the polymer film 
 
There have been suggestions in the recent literature that the catalytic activity of NP 
adsorbed onto a solid surface can be dependent upon the concentration of the polymer 
stabiliser in the original NP synthesis. For example, Horuchi et al. use PVP stabilised 
Pt-NPs to grow 2D gold films. In this article the authors mention the use of a reduced 
concentration of PVP in the NP synthesis to enhance the NPs catalytic activity [64]. 
Their corresponding explanation is that the PVP stabiliser increasingly acts to block the 
catalytic surface of the Platinum. However, excess PVP left over from the synthesis 
may also affect the resulting surface adsorption density. The Pt-NP surface density is 
not measured in the paper.  
The growth of a secondary metal film onto the polymer microcapsules in our developed 
method is likely to depend highly on both the catalytic activity of the Pt-NPs and the 
density of the catalytic nanoparticles on the microcapsule surface. Therefore, we closely 
studied the influence the polymer concentration in the NP synthesis has on the adsorbed 
particle density using both QCM and TEM studies.  
 
4.5.3.1 QCM studies 
 
Batches of NPs were synthesised using different concentrations of polymeric stabiliser 
from 2 to 0.0015wt% [3.3.2]. The different dispersions were introduced to spin coated 
PEMA polymeric films on QCM crystals and allowed to adsorb for 60 minutes before a 
wash cycle was run [3.2.2]. The resulting frequency change was then noted. The values 
quoted in the following graph are that of the equilibrium frequency change after 3 wash 
cycles.  
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Figure 35 QCM data showing how the concentration of stabiliser used in the synthesis of Pt-NPs affects 
the resulting 2D adsorption density on PEMA films. The red dotted line represents the frequency change 
for pure PVP.  
 
QCM data shows that the concentration of stabiliser used in the synthesis of the Pt-NP 
dispersions drastically affects the resulting equilibrium 2D adsorption density on the 
PEMA  films [Figure 36]. Lower concentrations of polymeric stabiliser in the particle 
synthesis lead to an increased frequency change and therefore increased adsorbed 
particle mass. It is worth noting here that the contribution of the denser Pt to the 
frequency change is much higher than that of the polymer. At the highest polymer 
concentration of 2wt%, which is commonly used in the literature for the synthesis of 
such NP systems [Table 1], the adsorbed mass becomes similar to the adsorption of pure 
polymer (designated in Figure 35 by the red dotted line) suggesting that only few Pt 
NPs are therefore adsorbed under these conditions. 
 
4.5.3.2. TEM Studies 
 
This trend was also confirmed through a different series of experiments that studied the 
density of adsorbed nanoparticles onto polymer-coated carbon grids via TEM. In order 
to perform these experiments, TEM grids were first dip-coated in a PEMA solution 
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[3.2.3]. The PEMA coated TEM grids were then dried for 1 hour and dipped for 60 
minutes in the different Pt-NP dispersions which were themselves synthesized at 
different PVP concentrations. Figure 35 shows the resulting TEM micrographs of Pt-NP 
adsorption densities and Figure 37 shows a graph of the Pt-NP surface density as a 
function of concentration of polymer used in the NP synthesis for the same samples.   
 
      
      
Figure 36 TEM micrographs of NPs on PEMA coated TEM grids showing the resulting NP surface 
density using Pt-NPs made with different concentrations of PVP stabiliser (a) 5x10-4M, (b) 2x10-5M, (c) 
1.5x10-6M, (d) 3.8x10-7M (equivalent to 2-0.0015wt% respectively). All samples were dip coated for 60 
minutes. 
 
 
b a 
d c 
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Figure 37 TEM data showing how the concentration of stabiliser used when synthesising the Pt-NP 
dispersions relates to the resulting 2D adsorption density on PEMA dip coated films [3.2.3]. 
   
Both the TEM micrographs [Figure 36] and the graph in Figure 37 show clearly that Pt-
NPs synthesized with the higher concentrations of PVP stabiliser result in lower 
adsorption densities.  
 
We know from QCM that multiple wash cycles do not remove adsorbed Pt-NPs from a 
PEMA interface [Figure 34]. Therefore both PVP and the Pt-NPs adsorb at the PEMA 
interface with energy many times that of the inherent thermal energy associated with the 
particle (kT). Under the conditions of these experiments and those for our capsule 
synthesis, both the Pt-NPs and the bare PVP chains can be considered permanently 
attached to the PEMA surface [Figure 35].  
We know from our QCM studies that adsorption of all dispersions made with different 
concentrations of PVP reach plateaus in less than 1 minute. We can therefore 
confidently say that in these adsorption experiments 60 minutes is sufficient to saturate 
the film.  
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We also know that in all cases TEM grids were dipped into a large excess of Pt-NP 
dispersion Pt-NPs are therefore still available in the bulk after films had saturated 
(dispersions also remained dark after QCM and TEM grids are fully coated and 
therefore Pt-NPs are still present in the dispersion). The variation in adsorption density 
observed in the QCM data and TEM images is therefore not due to depletion of the Pt-
NPs from the bulk.   
The PVP clearly has a strong affinity for the PEMA surface however, in an aqueous 
environment; steric hindrance restricts adsorption of more PVP polymeric chains. The 
same mechanism allows them to stabilize the metallic platinum nanoparticle cores. This 
steric hindrance means that it is likely that once an approximate monolayer of bare PVP 
or Pt-NP has adsorbed at the interface, further adsorption is restricted by the PVPs loops 
and tails which extend into the bulk. 
On the basis of the high adsorption energy of both bare PVP and Pt-NPs and their 
ability to restrict further adsorption of either species through steric hindrance, it seems 
likely that the observed change in NP adsorption density in Figure 35Figure 36 
andFigure 37 is due to a change in ratio of adsorbed bare PVP and adsorbed Pt-NP.  
Figure 36a-d all show 2D polymer films saturated with a combination of bare PVP and 
PVP stabilized Pt-NPs, however, the hydrocarbon PVP chains do not provide much 
contrast between the carbon and PEMA film and are therefore largely invisible.  
Figure 36a shows an interface covered with low concentration of NPs and 
comparatively a high concentration of free PVP chains. Oppositely, Figure 36d shows 
an interface covered with a higher concentration of NPs and consequently a lower 
concentration of free PVP chains.  
It is worth noting that this relationship cannot solely be explained by a variation in 
adsorbed mass due to either changes in the conformation of the PVP in the bulk at 
different concentrations or changes in allowable relaxation times for polymers adsorbed 
at the interface. At low concentration the adsorbing PVP chains should have more time 
to relax onto the surface before adjacent adsorption sites are taken up with polymer. 
They are therefore able to take up more surface area per polymer chain thus partially 
restricting further adsorption of PVP. We would therefore expect to see a somewhat 
reduced frequency change at saturation for low concentration PVP. As yet unpublished 
QCM data from Leeson et al [80] showed that there was indeed a small frequency 
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change of approximately ~10Hz between high and low concentrations of PVP when the 
surface was saturated. This observed difference is however small compared to the 
change in frequency we observe (frequency change varied from ~80Hz to ~250Hz for 
the different concentrations [Figure 35]). Polymer relaxation times at interfaces tend to 
take place over time periods of at least an order of magnitude greater than the 
adsorption times observed in these data [31]. One might predict therefore that at much 
lower concentrations than were looked at in these experiments the effect of polymer 
relaxation may become more pronounced. 
Excess PVP in the resulting NP dispersion will act to lower the Pt-NP adsorption 
density. It therefore seems likely that the variation in catalytic activity described by 
Horuchi et al [64] is largely due to excess PVP left over from the Pt-NP synthesis and 
not blocking of the platinum NP cores by excess PVP. In addition to this, given PVPs 
steric hindrance to self-adsorption, the maximum surface density of PVP on the Pt-NP 
core surface would be limited to an approximate monolayer and not increase 
significantly with increasing concentration of PVP in the continuous phase.  
In summary then, if one requires a high surface density of Pt-NPs, care should be taken 
during the NP synthesis to limit the excess PVP in the resulting dispersion.  
 
5.4.4 The effect of Pt-NP concentration on resulting adsorption density 
 
QCM and TEM were also employed to measure the resulting NP adsorption as a 
function of Pt-NP dispersion concentration. In order to limit the excess PVP in the 
system, for this work, we used NPs synthesised with 3.8x10-7M (0.0015wt%) PVP 
stabiliser.  
The hypothesis for the following experiment is as follows: if both the bare PVP and the 
Pt-NPs diffuse towards the polymer surface at the same rate, if one reduces the 
concentration of both species, the time taken to reach an adsorption equilibrium should 
increase but the final adsorbed mass should not vary. However, if the diffusion of one of 
the species is more rapid, at lower dispersion concentrations, the more rapidly diffusing 
species should dominate the adsorption process. Here we test this question by changing 
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the concentration of the Pt-NP dispersion by estimating the ratio of bare PVP to Pt-NPs 
adsorbed at the interface at equilibrium.  
In order to test this hypothesis, we run adsorption isotherms of the NP suspension for 
different dilutions (with Milli-Q water) of the original Pt-NPs suspension in the QCM 
and record the frequency change as a function of time. Figure 38 shows the typical 
variations of frequency change observed as a function of time upon addition of the 
PVP-stabilised Pt-NPs to the PEMA polymer-coated crystal.  
 
5.4.4.1 QCM Studies 
 
Figure 38 shows QCM frequency change against time for different suspension 
concentrations of Pt-NPs and Figure  39 shows the total change in frequency at 
equilibrium for each of the Pt-NP adsorption isotherms.   
 
 
Figure 38 QCM adsorption data for different concentrations of Pt-NPs onto spin coated PEMA  [3.2.3]. 
The key represents percentage dilution of the original dispersion. The nanoparticles used were synthsised 
using 3.8x10-7M PVP (0.0015wt%) [3.3.2].  
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Figure  39 QCM adsorption data for different concentrations of the Pt-NPs suspension onto spin coated 
PEMA. The nanoparticles used were synthsised using 3.8x10-7M PVP (0.0015wt%) [3.3.2]. 
 
The total resulting frequency change and therefore the adsorbed mass increase with 
increasing Pt-NP suspension concentration. From Figure 38, one can notice that the 
initial rate of adsorption within the first 20s increases with increasing Pt-NP suspension 
concentration. Additionally, both figures demonstrate that a larger frequency change is 
achieved when the suspension concentration is increased. 
 
5.4.4.2 TEM Studies 
 
Figure 40 shows the resulting TEM micrographs of PEMA substrates placed in contact 
with different concentrations of Pt-NP suspensions [3.2.3] and Figure 41 shows a plot of 
concentration versus Pt-NP adsoption density calculated from the micrographs 
represented in Figure 40. The concentrations used are the same as the those used in the 
QCM work. The TEM micrographs clearly show that the NPs adsoption density at 
equilibrium is increasing with increasing Pt-NP suspension concentration and the Figure 
41 plot shows that the surface density increases with Pt-NP suspension concentration 
but reaches a plateau. The inset in Figure 41 shows the equivalent adsorption data from 
the QCM. Both the QCM and the TEM data show increasing Pt-NP adsorption density 
with Pt-NP suspension concentration. 
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Figure 40 – TEM micrographs of Pt-NP adsorption densities after 60 minutes for different concentrations 
of the original Pt-NP dispersion at a concentration of 4.6x1015 L-1  (a-d) 1%, 10%, 50%, 100% of the 
original concentration respectively (PVP concentration used in synthesis 3.8x10-7 M PVP (0.0015 wt%) 
[3.3.2]. 
 
 
100nm 
a b 
c d 
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Figure 41 Pt-NP surface density vs Pt-NP suspension concentration for samples shown in shown in 
Figure 40 (Dip coated TEM grids). The inset shows the equivalent QCM data (same data as shown in 
Figure 38 but Y-axis shows the additive inverse frequency change). 
 
A likely explanation for the observed data is that the free excess PVP chains in the NP 
dispersion are not only blocking potential NP adsorption sites but, even though the ratio 
of Pt-NPs to PVP remains constant in the bulk, as the suspension concentration is 
lowered the adsorption rate of the PVP increases faster than that of the Pt-NP adsorption 
rate. Therefore the lower the dispersion concentration the higher the resulting ratio of 
adsorbed PVP to Pt-NPs at equilibrium.  
The diffusion rates of the two species are different; the Pt-NPs are likely to be 
somewhat larger than the free polymer chains and therefore diffuse more slowly. The 
Stokes-Einstein equation shows that, for hard spherical particles, the diffusion constant 
is inversely proportional to the radius of the diffusing particle and therefore through 
Stokes–Einstein-Sutherland equation is inversely proportional to the diffusion rate [eq. 
21].  
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Stokes–Einstein–Sutherland equation: 
 
𝐷 =
𝑘𝐵𝑇
6𝜋𝜂𝑟
 eq. 21 
 
Where: 
𝐷 Diffusion coefficient (m2s-1) 
𝑘𝐵 Boltsman constant 1.38×10
-23 m2kgs-2K-1 (1.38×10-20 m2gs-2K-1) 
𝜂  Dynamic viscosity 1x10-3 Kgs-1m-1 (1.0g s-1m-1) 
𝑟  Radius of the spherical particle (m) 
𝑇  Temperature (K) 
 
This means that as both species become more dilute, the average mean free path to 
reach the interface for each species increases. It can be shown that the mean square 
displacement from a particular starting position of a particle is proportional to the 
diffusion coefficient  multiplied by time [81]. This linear dependency is shown in 
equation eq. 28.  Therefore if the diffusion coefficient of the PVP is larger than the Pt-
NPs than the free polymer chains will increasingly ‘win the race’ to the interface as the 
concentration of the suspension is decreased. 
 
𝑥 = √𝑞𝑖𝐷𝑡 
eq. 22 
 
Where: 
 
𝑥 displacement  
𝑞𝑖 Numerical constant which depends on dimensionality: qi = 2, 4, or 6, for 1, 2, or      
jkkjjjk 3 dimensional diffusion.  
𝐷 Diffusion coefficient (usual units are cm2 s-1).  
𝑡 Time. 
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It is worth noting that the Stokes–Einstein–Sutherland equation is designed to cope with 
hard spheres and that the two species in question here are a polymer and a nanoparticle 
made up of a hard sphere and polymer.   
Georges et al use the following law [eq. 27] to calculate the diffusion coefficients for 
polymeric chains in water [82]. 
 
𝐷 = 1.25(10−4)𝑀0.55 
eq. 23 
 
Where: 
𝑀 Molecular weight 
𝐷 Diffusion coefficient 
 
Figure 42 uses the two different equations above (eq. 21 and eq. 23) to plot diffusion 
coefficient as a function of size for a hard spherical particles and PVP polymeric chains 
diameter of gyration respectively. The diameter of gyration for the PVP polymer was 
calculated from the molecular weight using eq. 30 
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Figure 42 Graph showing spherical hard particle diameter and Polymeric diameter of gyration as a 
function of diffusion coefficient. Equations eq. 21 and eq. 23 were used to calculate diffusion coefficient 
for hard spheres and polymeric chains respectively. PVP molecular masses were converted to radius of 
gyration using equation eq. 30.  
 
Figure 42 shows that there is good agreement between the two equations. At larger 
diameters the diffusion coefficient for the polymer appears to drop below the diffusion 
coefficient for the equivalent sized hard particle. However, the equation used to convert 
the PVP molecular weight to radius of gyration [eq. 30] will have error associated with 
it because the equation uses a very simple polymer model [see section 5.5.3 for more 
details]. 
 
Both the free polymer and the Pt-NPs consist largely of polymer by volume and 
certainly have polymer on the exterior. It can be argued therefore that the Pt-NPs 
behave more like larger polymer entities rather than hard particles. On this basis to 
obtain approximate values for the diffusion coefficient of both species eq. 23 was used. 
To obtain a minimum value for diffusion coefficient of the Pt-NP the radius of gyration 
of a single 40DKa PVP chain was calculated using eq. 30 and this radius was increased 
by the mean radius of the platinum cores.    
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Therefore the PVP we are using has molecular weight of 40000 gmol-1. Using eq. 23 we 
calculate the polymer has a diffusion coefficient of 3.68x10-7 cm2s-1 and from equation 
eq. 30 a radius of gyration of 5.69 nm. Increasing the radius by half the mean diameter 
of the Pt cores (1.5nm [Figure 29]), which equates to a diffusion coefficient of 2.84x10-7 
cm2s-1 [Figure 42].   
 
This differential between  diffusion rates of excess polymeric stabiliser and NPs and its 
effect on subsequent NP adsorption density  is likely to be an inherent issue when 
attempting to adsorb nanoparticle suspensions  which are stabilised by polymeric 
moieties which are themselves surface active. Typically authors in the literature use a 
large excess of polymer as stabiliser [Table 1]. Little or no work has been done in 
reducing this excess without compromising stability.  It may be true that the Pt-NP 
dispersions made in this study using very low concentrations of PVP stabiliser will 
remain stable for shorter time frames than those synthesised at more typical 
concentrations (dispersions synthesised using 3.8x10-7M PVP (0.0015wt%) appear to 
remain stable for at least a period of 6months). However, our efforts are to keep the 
particles at very low polymer concentrations stable for long enough for us to run the 
adsorption process and therefore potential long term instability is not an issue.  
 
It is worth noting that the removal of this excess polymer from the synthesis is not 
trivial. By definition, the sterically stabilised NPs have the same surface chemistry as 
the free polymer therefore opportunities to chemically remove the excess polymer are 
limited. In addition, the small size of both species makes it very hard sediment one 
species over the other via centrifuge and filtration methods are limited by minimum 
available pore size and, in most cases, the surface active nature of the polymer.  
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5.4.5 Rate of adsorption using QCM 
 
If we take the QCM adsorption data in Figure 38 showing adsorption as a function of 
Pt-NP suspension concentration and zoom into the initial adsorption isotherms we can 
measure the adsorption rate by measuring the maximum gradient of each isotherm in 
Figure 43. Figure 44 shows the plot of the rate of adsorption as a function of Pt-NP 
suspension concentration.  
 
Figure 43 QCM data showing the adsorption rates for different concentrations of the original Pt-NP 
dispersion at a concentration of 4.6x1015mL-1 (PVP concentration used in Pt-NP synthesis 3.8x10-7M PVP 
(0.0015wt%) [3.3.2]). 
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Figure 44  Graph showing rate of adsorption vs concentration of Pt-NP suspension concentration. 
Adsorption rates were calculated by taking the maximum gradient of the isotherms in Figure 43 
 
We see from Figure 45 that the peak adsorption rate is proportional to the concentration 
of the Pt-NP suspension in the bulk. We know that the line on this graph must go 
through the origin.  Although the effect is small and could potentially be argued to be 
within the error of the experiment, we see that at low concentrations the rate of 
adsorption is slightly less than expected. This is exactly what we should expect to see 
given the free PVPs ability to diffuse faster than the Pt-NPs. It should be remembered 
that we are measuring the ‘rate of adsorption’ by measuring the adsorbed mass change 
per second due to both species in the suspension. Therefore because adsorbed mass per 
unit area is significantly less for PVP than Pt-NP at low concentrations our measured 
‘rate of adsorption’ dips.    
 
 
 
5.4.6 Determination of the Langmuir adsorption equilibrium constant and 
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In this section of the work, an attempt was made to use the QCM adsorption isotherms 
over a range of Pt-NP dispersion concentrations to analyse both the kinetic adsorption 
data and the equilibrium adsorption values using standard Langmuir adsorption theories. 
These data are used to determine a consistent value of the Langmuir adsorption 
equilibrium constant for the nanoparticle – substrate interaction (Pt-NP suspension – 
PEMA interface) [40]. 
 
The adsorption kinetics of the Pt-NPs are quantified by fitting the QCM adsorption data 
to the Langmuir isotherm equation [eq. 24]. The Sauerbrey equation [eq. 3] [section 
3.2.2] shows that ∆𝑓 is proportional to the mass adsorbed and therefore to the surface 
coverage. Therefore, because the units associated with the surface coverage can be said 
to cancel, we can use ∆𝑓 at equilibrium and ∆𝑓 at time (t) for surface coverage Γ(∞) 
and Γ(t) respectively in the following equation [eq. 24]. We are therefore able to 
estimate values of the rate constant 𝑘𝑜𝑏𝑠 by fitting the data to the Langmuir isotherms 
collected in the QCM. Figure 45 shows an ideal Langmuir isotherm. 
 
Γ(t) = Γ(∞)[1 − exp(−𝑘𝑜𝑏𝑠𝑡) 
eq. 24 
𝑘𝑜𝑏𝑠 = 𝑘𝑎𝐶 + 𝑘𝑑 
eq. 25 
Γ(∞) = 𝐶 (𝐶 + 𝑘𝑑 𝑘𝑎)⁄⁄  
eq. 26 
Where:                                
Γ  NP surface coverage 
C  NP concentration 
𝑘𝑎 Adsorption rate constant 
𝑘𝑑  Desorption rate constant 
𝑡  Time 
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Figure 45 Shows the shape of curve expected for a typical Langmuir isotherm 
 
Plotting 𝑘𝑜𝑏𝑠 as a function of C, we see from equation eq. 25 that the gradient and 
intercept of the graph correspond to the adsorption (𝑘𝑎) and desorption (𝑘𝑑)  constants 
respectively. The adsorption constant (𝑘𝑎  ) is a measure of the rate of depletion of the 
surface active per unit volume of the bulk and the desorption constant (𝑘𝑑) is simply a 
rate of desorption of the surface active.  
The Langmuir equilibrium constant (𝐾𝐿) is defined as (𝑘𝑎/𝑘𝑑) and is a measure of the 
depletion per unit volume from the bulk of the surface active. The free energy of NP 
adsorption can then be found using  equation eq. 27 [83].  
 
∆𝐺𝑎𝑑𝑠 = −𝑅𝑇 ln𝐾𝐿 
eq. 27 
              
Where: 
𝑅  Gas Constant (8.314J K−1 mol−1)  
𝑇  Temperature (293K) 
Avogadro’s number 6.02×1023 mol−1 and Boltzmann constant (k) 1.38×10−23J K−1 
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Pt-NP concentrations were calculated in moles per litre using the mean NP diameters 
measured from TEM observations [3.4.4]. First the number of NPs in a litre was 
calculated (N) and then the ratio of this to Avogadro’s number (NA) was used to convert 
to a moles per litre. 100% dispersion concentration was found to have a nanoparticle 
concentration of 7.7 µmol/L. Other papers have used the Beer Lamberts law to calculate 
NP dispersion concentrations [40]. It seems likely that direct measurement of size 
distributions via TEM should yield more accurate concentration measurements. 
Concentration of NPs is regularly expressed as a molarity in the literature. As a colloid 
scientist it would seem more appropriate to express concentration as number per 
volume, however, as one moves from molecular to supramolecular to nanoparticulate, 
where does one draw the line in terms of what can and can’t be expressed as a molarity.  
The theories used here have been developed using these terminologies and therefore we 
will be using the same in order to compare with the literature data. 
Figure 46 shows the Langmuir isotherms for the different Pt-NP concentrations. The 
dotted lines represent the respective fits for each isotherm from equation eq. 24.  
 
Figure 46 QCM data showing the adsorption isotherms for different concentrations of Pt-NPs (100% 
concentration equates to 4.6x1015 Pt-NPs mL-1. The nanoparticles used were synthsised using 3.8x10-7M 
PVP (0.0015wt%) [3.3.2]. 
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We can see that the ∆𝑓 values increase with increasing Pt-NP suspension concentration 
and the rate of frequency change is greater at higher concentrations. All isotherms 
plateau in less than 0.5 minutes. 
The overshoot in frequency change appears to be due to the pressure wave caused by 
the inflow of liquid into the QCM cell and onto the crystal. Figure 47 shows the same 
QCM adsorption data as shown in Figure 46 but with only the low (red squares) and 
high (blue triangles) concentrations isotherms. The black diamonds show a typical 
pressure wave for pure water. The dotted lines show what the adsorption isotherms 
when corrected for the influence of the ‘pressure wave’ would look like.  
 
Figure 47 QCM adsorption data for low (red squares) and high (blue triangles) concentrations of Pt-NP 
suspensions. The black diamonds show a typical pressure wave for pure water. The dotted lines show 
what the adsorption isotherms when corrected for the influence of the ‘pressure wave’ 
 
The dispersion in-flow time is approximately 15 seconds with the valve opening and 
shutting taking a fraction of a second. Running the QCM with pure water we see a 
change in frequency of approximately 15 Hz which last 25-30 seconds (Figure 47 black 
diamonds). The overshoot appears to be somewhat proportional to the dispersion 
concentration but, on closer inspection, we see that at lower concentrations, because the 
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adsorption happens more slowly, the contribution to the frequency shift from the 
pressure wave is buried in the slope. Therefore by the time the adsorption reaches 
equilibrium the contribution from the pressure wave is over, creating no overshoot.  
The size of the pressure wave depends on several variables such as height of pipe inlet, 
depth of reservoir attached to the pipe inlet and rate at which the valve is opened. In 
hindsight, it would have been better to correct the data in Figure 46 prior to fitting the 
lines but this approach was not considered at the time of the experiment and therefore 
the associated variables were not tightly controlled and average pressure waves plots for 
pure water were not taken. Although, in hindsight, this is an oversight the overshoot has 
no effect on the resulting frequency change at equilibrium and has very little effect on 
the gradient of the adsorption curve and therefore has very little affect on the analysis 
we undertaken here.   
 
Figure 48 shows the plot of 𝑘𝑜𝑏𝑠 (obtained from fitting the langmuir isotherm) as a 
function of concentration (C). The line of best fit was generate using the ‘least squares’ 
method and provides a gradient and intercept. 
 
 
Figure 48 shows a plot of the rate constant as a function of dispersion concentration. The line of best fit is 
calculated by the ‘least squares’ method. 
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The gradient corresponds to the adsorption constant (𝑘𝑎) and works out at 
2.35(µmol/L)-1s-1 and intercept of the graph corresponds to the desorption constant (𝑘𝑑) 
and works out at 8.71 s-1. The Langmuir equilibrium 𝐾𝐿
 constant (𝑘𝑎/𝑘𝑑) is then 
0.26µmol/L. The free energy of nanoparticle adsorption (∆𝐺𝑎𝑑𝑠) therefore works out to 
be 3.30x10-3J/µmol [Table 2].  
 
Adsorption 
rate constant 
Desorption 
rate constant 
Langmuir 
equilibrium 
constant 
Free energy of 
nanoparticle 
adsorption 
Adsorption 
energy of a 
single NP 
Background 
thermal 
energy 
Adsorption 
energy as a kT 
multiple 
𝑘𝑎((µmol/L)
-1s-
1) 
𝑘𝑑(s
-1) 𝐾𝐿((µmol/L)
 -1) ∆𝐺𝑎𝑑𝑠(J/µmol) ∆𝐺𝑎𝑑𝑠(J) kT (J) - 
2.25 8.71 0.26 3.30x10-3 5.49x10-21 4.04x10-21 1.35 
Table 2 shows the numerical results and their associated units for the adsorption and  desorption rate 
constants, the Langmuir equilibrium contact, the free energy of nanoparticle adsorption, the adsorption 
energy of a single NP, the background thermal energy and finally the ratio of NP adsorption energy to the 
background thermal energy.  
 
If the free energy of adsorption is converted from J/mol to J, by dividing through by 
Avogadro’s number, one gets a figure of 5.49x10-21J for the adsorption energy of a 
single nanoparticle. If this figure is compared to the background thermal energy, 
Boltzmann constant (k) multiplied by temperature (T), according to these calculations, 
the energy of adsorption of a nanoparticle is 1.35kT.  
The QCM data shows that over several wash cycles there is no frequency change 
[Figure 34] and Pt-NP coated capsules are able to undergo 3 wash cycles without a 
significant reduction in NP surface density [Figure 49]. The adsorption energy of the Pt-
NPs must be, at least, several times the background thermal energy. We are therefore 
forced to conclude that our calculated figure of 1.35kT is too low.  
 
Why is the calculated figure for surface adsorption energy so low for this system? 
Increased mass adsorption at equilibrium as a function of concentrations is typical for a 
pure system of a surface active molecule/particle which has an adsorption energy which 
is close to kT. For example, below its critical micelle concentration (CMC), CTAB 
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exhibits this behaviour [84]. This occurs because the rate of adsorption is a function of 
concentration and the rate of desorption of individual particles for most concentrations 
is not. The adsorbed mass at equilibrium is a function of concentration because at higher 
concentrations for the desorption rate to be equivalent to the adsorption rate there needs 
to be more mass on the surface to desorb.  
The problem with applying this analysis to our data is the assumption that the 
adsorption isotherms are for a pure Pt-NP dispersion. A pure Pt-NP dispersion with high 
adsorption energy should reach approximately the same adsorption density at 
equilibrium for all concentrations of NPs, albeit over longer time frames for lower 
concentrations. The reason we get this shape with our data is that the system is not pure. 
We have excess PVP left over from the Pt-NP synthesis which is preferentially 
adsorbing at the interface at lower concentrations. 
In summary, successful Langmuir adsorption studies are regularly made for molecular 
species which reach adsorption/desorption equilibria at different concentrations.  
Although the same shaped adsorption isotherms can be found for some particle systems 
[40, 72, 85]. Care should be taken to discriminate between true equilibrium patterns of 
adsorption and non-equilibrium patterns. The concentration dependence of adsorbed 
mass in these systems is likely due to the presence of a second surface active species 
which has a higher diffusion coefficient.    
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5.5 Analysis of Pt-NP adsorption density on 3D 
capsule interface 
 
5.5.1 NP surface density vs NP concentration using TEM (3D) 
 
In the previous sections QCM and TEM were used to look at Pt-NP surface adsorption 
behaviour on 2D model systems. In this section TEM is employed to directly measure 
the surface adsorption density of the Pt-NPs onto the polymer shell microcapsule 
surface. 
Similarly to the sections above, where NP surface density was measured on the model 
2D polymer surfaces as a function of particle concentration in the bulk, the same 
adsorption experiments were carried out on the surface of pre-prepared polymer-shell 
microcapsules. These microcapsules consisted of a toluene core and a PEMA shell and 
are described in more detail in section 3.3.1. Although the same polymer is used in both 
the 2D and 3D work the two surfaces are not exactly the same due to the presence of the 
CTAB stabiliser on the surface of the 3D system. Comparisons between experimentally 
measured 2D and 3D adsorption densities are made [Figure 53]. 
 
Measuring the surface density directly via this method is challenging for the following 
reasons. Firstly, only capsules smaller than ~500 nm diameter are sufficiently 
transparent to generate enough contrast between the Pt-NPs and the capsule. Capsules 
with low Pt-NP surface coverage were also more susceptible to beam damage and were 
found to change shape under the beam altering the measurements of surface density. In 
addition, the variation in transmitted light intensity due to the change of thickness 
across the spherical polymeric capsule [Figure 49] and the overlaid image of both the 
top and bottom interface of the capsules meant that automated counting software such 
as image-J proved to be not useful.  
As a result, the TEM observations made in these experiments were focused mostly on 
the suitable small capsules, and the images were subsequently analysed manually. The 
calculations of NP surface density were then corrected for curvature and transparency. 
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5.5.1.1 Corrections applied for curvature of the capsules 
 
   
Figure 49 TEM micrograph of a NP coated PEMA capsule highlighting the NP variation across the 
capsule centre.  
 
When a sphere is observed a an apparent 2D flat surface [Figure 49 TEM micrograph of 
a NP coated PEMA capsule highlighting the NP variation across the capsule centre.], its 
actual curvature in the 3 dimensions results in an increasing amount of surface area 
being projected onto the 2D support from the middle of the sphere to its edges. 
Therefore, when observing a 2D projection of our microcapsules in the TEM more 
surface area of the original microcapsule is represented at the edge of the projected 
circle than in the middle. This means that the apparent NP surface density increases 
towards the edge of the projected circle and any direct NP surface density needs to be 
corrected to account for this. As long a adsorption densities are measured for ‘small’ 
sample boxes on the surface of the capsule at know distance from the observed capsule 
centre, a mathematical curvature correction could be made in the following way. 
The distance from the center of the sphere was noted in each case. Each measurement 
was then corrected for both surface curvature and halved to compensate for the 
transparent nature of the capsules (TEM shows NPs on both sides of the capsule). 
Measurements were then averaged. 
 
 
 
 
 
 
100nm 
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Example sphere correction for a circle centered on (0, 0) of radius 100: 
 
 
 
 
𝑥2 + 𝑦2 = 𝑟2 
𝑦 = √𝑟2 − 𝑥2 
 
Taking each horizontal unit distance in turn from the centre of the circle to the edge 
(𝑑𝑥) and calculating the corresponding vertical change(𝑑𝑦), Pythagoras can be used to 
calculate the corresponding length of tangent which is approximately equal to the length 
of arc. For example for a circle radius 100, these calculations can be carried out as 
follows: 
For tangential distance for 𝑥0→1 
𝑥 = 0 → 1 
𝑑𝑥 = 1 
𝑑𝑦 = √1002 −√1002 − 12 = 0.005 
r 
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𝑇𝑥0→1 = √0.0052 + 12 = 𝟏. 𝟎𝟎𝟎𝟎𝟏 
 
For tangential distance for 𝑥98→99  
 
𝑥 = 98 → 99 
𝑑𝑥 = 1 
𝑑𝑦 = √1002 − 992 −√1002 − 982 = 4.41 
𝑇𝑥98→99 = √4.412 + 12 = 𝟓. 𝟓𝟐 
 
This tangential length at different distances from the centre can be used as a surface area 
multiple in order to correct the apparent NP density in a sample area. The blue dotted 
line in Figure 50 shows how this quantity varies with distance from the centre.  
As well as the raw NP density being adjusted for the capsule curvature, the figure also 
has to be halved to account for the fact that the TEM shows the nano-particulate film on 
both the top and bottom of the transparent capsule core. 
Figure 50 shows the apparent and corrected NP count data as a function of distance 
from a capsule centre, overlayed over a schematic diagram of a capsule. The dotted blue 
line plots the surface area relative to a flat surface as a function of sphere radius, the 
circles show an example of the apparent NP surface density count as a function of 
sphere radius and the squares show the same data corrected for sphere curvature. Using 
this technique we are able to obtain a consistent value for NP surface density across the 
whole surface area. 
 
        Page 133   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
 
Figure 50 Graph showing how the NP density were corrected for sphere curvature [ref] and sphere 
transparency. The dotted blue line plots the surface area relative to a flat surface as a function of sphere 
radius, the circles show an actual example of the apparent NP surface density count as a function of 
sphere radius and the squares show the same data corrected for sphere curvature. The schematic diagram 
over which the graph sits is there to aid understanding. The arrow and circle represent the capsule and 
viewing angle respectively.  
 
 
5.5.1.2 NPs adsorption densities on polymer shell microcapsules as a 
function of bulk concentration. 
 
Having defined a specific process to obtain accurate measurements of adsorption 
densities of Pt NPs on the surface of polymer-shell microcapsules, an experiment was 
devised to replicate those presented in section 5.4, where NPs densities on the surface of 
2D polymer films were investigated as a function of NPs concentration in the bulk. 
For this purpose, suspensions of Pt NPs of different concentrations were added to 
microcapsule suspensions of a constant concentration. 1%wt of the original capsule 
synthesis were used in all cases [3.3.1].   
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Figure 51 shows TEM micrographs of the resulting Pt-NP coated microcapsules.  Insets 
to (a) and (d) show corresponding gold coated capsules, both these images were 
obtained using different electron beam intensity in order to  adjust the required contrast 
between the polymer and gold areas, the location of the gold on the surface was verified 
via EDX [Figure 52]. 
 
 
Figure 51 shows representative TEM micrographs of the resulting Pt NPs loaded microcapsules when 
adding an increasing concentration of Pt NP suspensions to the microcapsules. From (a) to (d) the number 
of Pt-NP added to the continuous phase was as follows: (a) 1.55 x 1015, (b) 3.10 x 1015, (c) 1.26 x 1016, (d) 
1.59 x 1016. 1%wt of the original capsule synthesis were used [3.3.1].  Insets to (a) and (d) show 
corresponding gold coated capsules (note that both these images were obtained using different electron 
beam intensity in order to  adjust the required contrast between the polymer and gold areas, the location 
of the gold on the surface was verified via EDX) 
 
 
Figure 52 EDX trace showing the presence of gold on the surface of the capsules 
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Figure 53 Graph showing Pt-NP adsorption densities on the polymeric microcapsule surfaces as a 
function of the number of Pt-NP concentration (black diamonds). The (red squares) show the equivalent 
adsorption data for 2D model substrates from Figure 41. 
 
Figure 51 and Figure 53 show the same relationship between Pt-NP concentration and 
resulting Pt-NP surface density on the microcapsule surface as was seen for the QCM 
experiments conducted on the model 2D polymer surfaces. Pt-NP surface density is 
seen to increase with increasing Pt-NP dispersion concentration. The (red squares) show 
the equivalent adsorption data for 2D model substrates from Figure 41. We see good 
comparison between 3D and 2D. It would not be statistically correct to draw 
conclusions about differences between the two graphs from such a small dataset, more 
work would be required. It is, however, interesting to note that because of the curvature 
of the 3D capsule interface we would expect more Pt-NPs to pack per unit surface area.  
Figure 54 shows a sphere and a square of ‘same’ surface area. If we assume that we are 
packing hard spherical particles on hard spherical microcapsules we can say that 
particles adsorbed on the 3D curved microcapsule interface increase the effective 
surface area available to them because they effectively sit in a plane one half of their 
diameter above the capsule surface.  Because surface area of a sphere is proportional to 
the square of the radius this effective surface is larger than the surface of the capsule. It 
can be shown mathematically that this increase is a function of sphere radius and 
particle size [eq. 28]. 
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Figure 54 Schematic diagram representing a sphere and a square of equal surface area 
 
Where: 
𝑆1  Surface area of both the sphere and square 
𝑟  Radius of the polymeric capsule  
𝑑𝑝 Diameter of the particle to be adsorbed 
𝑆2 New surface area at ½ the diameter of the particle above 𝑆1 
∆% Percentage change in effective surface area available to the particles 
 
𝑆1 = 4𝜋𝑟
2 
𝑆2 = 4𝜋 (𝑟 +
𝑑𝑝
2
)
2
 
 
∆%=
100𝑆1
𝑆2
=
4𝜋𝑟2
4𝜋 (𝑟 +
𝑑𝑝
2 )
2 
∆%=
100
1 +
𝑑𝑝
𝑟 +
𝑑2
4𝑟2
 eq. 28 
   
S1 
S1 
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Therefore the percentage change in effective surface area available to the particles 
increases with increasing adsorbed particle diameter and decreasing capsule radius [eq. 
28]. Therefore for this system the capsule size is ~2µm and the adsorbed particle 
diameter is ~10 nm. The percentage increase in effective surface area would therefore 
be ~2%. (The relationship between surface area and NP packing is a linear one, ideal 
2D hexagonal close packing takes up 91% of the surface [3.4.3]).   
 
In Figure 55 the calculation of capsule surface area introduced [3.4.1] and used to plot 
the number of Pt-NPs available per unit surface area of capsules introduced as a 
function of Pt-NPs introduced to each sample (red squares).  
 
 
Figure 55 Graph showing number of Pt-NPs available per unit surface area of capsules introduced as a 
function of Pt-NPs introduced to each sample (red squares) and the measured Pt-NP adsorption densities 
on the polymeric microcapsule surfaces as a function of Pt-NPs dispersion concentration (black 
diamonds).  
 
We see that, at all Pt-NP suspension concentrations, the number of Pt-NPs available per 
unit surface area of capsules introduced is far higher than the measured Pt-NP surface 
density. Therefore the experimentally measured Pt-NP surface density can’t solely be 
explained by Pt-NP depletion from the continuous phase. At all Pt-NP concentrations 
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tested there are a large excess of NPs available in the bulk even after the surface has 
been saturated.  
 
5.5.2 NP Packing Density Analysis  
 
 
Figure 56 Graph showing the number of NP’s per µm2  needed to achieve hexagonal close packing (HCP) 
relative to the coverage we are getting. The measured mean size of the NPs using TEM was used to 
calculate the packing.   
 
If we take the data shown in Figure 53 and, using the mean size of the Pt-NPs [5.3.1], 
convert the Y-axis into Pt-NP percentage surface coverage.  We see that the maximum 
surface area coverage achieved with this system is ~5.6% [Figure 56] which relates to 
the SEM micrograph [Figure 51d]. The maximum packing density of equal sized 
spheres at an interface is 91% [3.4.3]. 
5.6% surface coverage seems like a relatively sparse surface coverage and doesn’t 
intuitively appear to fit with the TEM images of maximum surface coverage [Figure 
58]. However, if we calculate the separation we should expect to see for hexagonal 
surface packing coverage [eq. 29] we see that the actual ratio of NP separation to NP 
radius works out to be 0.12 for coverage of 5.6% [Figure 57]. Surface coverage is 
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proportional to the square of the inverse separation, therefore relatively small 
separations lead to large reductions in surface coverage.  
 
 
 
 
 
 
 
 
Figure 57 Scaled schematic diagram showing how hexagonal packed sphere separation relates to 2D 
surface area coverage  (a) HCP – 91% surface coverage and (b) 5.6% surface coverage generated from 
equation eq. 29 
 
Calculation of ratio of hexagonal packed NP separation (𝑳𝑵𝑷) to NP radius (𝒓) for 
chosen surface area coverage (𝚪𝒄𝒐𝒗): 
 
Where: 
𝑟  NP radius       
Γ𝑐𝑜𝑣 Surface area coverage     
𝐿𝑁𝑃 NP separation       
𝑁𝑃𝑠 NP surface within red triangle    
∆𝑠 Surface area of the triangle 
   
𝑁𝑃𝑠 =
𝜋𝑟2
2⁄  
∆𝑠=
1
2⁄ 𝐿𝑁𝑃
√𝐿𝑁𝑃
2 − (
𝐿𝑁𝑃
2⁄ )
2 
(a) (b) 
LNP 
0.12LNP 
        Page 140   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
 
𝑁𝑃𝑠
∆𝑠
⁄ = Γ𝑐𝑜𝑣 =
𝜋𝑟2
𝐿𝑁𝑃√𝐿𝑁𝑃
2 − (
𝐿𝑁𝑃
2⁄ )
2
⁄
 
𝐿𝑁𝑃√𝐿𝑁𝑃
2 − (
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2⁄ )
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𝜋𝑟2
Γ𝑐𝑜𝑣
 
𝐿𝑁𝑃
2 (𝐿𝑁𝑃
2 − (
𝐿𝑁𝑃
2⁄ )
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𝑟
𝐿𝑁𝑃
= √
3Γ𝑐𝑜𝑣
2
4𝜋2
4
 
eq. 29 
 
Therefore for 5.6% coverage Γ𝑐𝑜𝑣 = 0.056 and  
𝑟
𝐿𝑁𝑃
= 0.12 
 
 
Figure 58 Shows a TEM image of 5.6% surface coverage on a capsule. Note that the image shows both 
the top and bottom surface. Most NPs appear to be separated from their neighbors instead of being butted 
up against them.  
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Figure 59 Show a scale ‘model’ of 3 Pt-NPs hexagonally packed at a core separation which represents 
5.6% Pt core surface coverage. In this example each Pt core is stabilised by a single 40KDa PVP chain. 
The ratio of PVP chain length to Pt core diameter is 108:3.    
 
The Pt-NPs used in this work have a mean diameter of ~3nm. At 5.6% surface coverage 
this translates to a HPC NP core separation of 12.5nm.  TEM images of Pt-NPs 
adsorbed at the maximum surface density onto PEMA coated grids shows that the NPs 
pack at approximately this calculated separation [Figure 59].  
 
 
Figure 60 Shows the same NPs adsorbed onto a PEMA coated TEM grid [ref technique] allowing closer 
inspection. We see a somewhat regular spacing around each adsorbed NP. 
 12.5nm 
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Why do the Pt-NPs not butt up against each other in a close packed array but instead 
tend to have somewhat regular ~12nm spacing around them [Figure 60]? It is known 
that the hydrocarbon PVP chains do not provide much TEM contrast between the 
carbon and PEMA film and are therefore largely invisible. We also know that the PVP 
offers newly synthesised Pt-NPs stability via steric hindrance. It would appear that this 
steric hindrance also prevents the NPs for approaching too closely when adsorbing onto 
the polymeric interface.   
Interestingly if size the NP dispersion by dynamic light scattering we see that the 
hydrodynamic diameter is ~10nm  [Figure 61] This figure represents the diameter of the 
platinum core plus the PVP stabiliser in an aqueous phase and better fits with the 
calculated and observed separation [Figure 57,Figure 58].   
 
 
Figure 61 DLS [3.2.4] size data for Pt-NPs showing the percentage of the dispersion by number, volume 
and intensity. 
 
 
5.5.3 Pt-NP adsorptions density, morphology and polymeric stabiliser 
conformation. 
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From the previous work in this chapter we know that maximum packing density occurs 
at Pt-NP core separations of approximately 12nm [5.5.2], in addition DLS 
measurements show the Pt-NP diameters to be approximately 10nm [Figure 61]. We 
also know that the dispersions used in this chapter have a low ratio of free PVP 
stabiliser chains to platinum cores [Figure 31]. This, to some extent, restricts the 
number of possible NP core PVP stabiliser confirmations. In this section, the PVP 
radius of gyration is calculated and, using information gleaned from this chapter, 
possible NP morphologies are discussed.   
The simplest polymer model which considers the sizes of dissolved polymeric chains 
considers the entire chain as a collection of freely jointed ridged segments. An end to 
end random walk distance can then be calculated for the chain and through considering 
the probability distribution of the chain ends a radius of gyration for the polymer can be 
calculated.  Omitting any interactions between monomers, for an ideal chain we get 
equation eq. 30 [83]: 
𝑅𝑔 ≈ 𝑏𝑁
1
2⁄  
eq. 30 
 
Where: 
𝑅𝑔 Radius of gyration   
𝑁  Number of monomers   
𝑏  Inter-monomer spacing  
 
 
Figure 62 molecular structure of PVP monomer 
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For our 40KDa PVP chains, 𝑁 is equal to the total molecular mass divided by the mass 
of the monomer which, we can see from Figure 62, is 111, therefore 𝑁 = 360. The 
length of a C-C bond in a hydrocarbon is ~0.15nm, therefore 𝑏 = 0.3. Therefore for 
40KDa PVP chains the 𝑅𝑔~ 5.69nm and the diameter of gyration should be 
approximately 11.4nm [eq. 30].  Clearly, this figure is very close to our DLS measured 
diameter of 10nm and the maximum inter-core spacing of ~12 nm. Can we therefore 
conclude that our Pt-NPs consist of a platinum nanoparticle core at the centre of a single 
PVP chain? 
Figure 63 shows some simple, approximately to scale, models of possible Pt-NP core / 
PVP stabiliser confirmations. For these scale models, the ratio of NP core diameter to 
PVP chain length used is 3:108 (3nm mean diameter, 108nm length polymer chain). 
The length of an extended PVP chain can be calculated, we know that each monomer 
consists of 2 C-C bonds which are each ~0.15nm long. Therefore, the length of the 
extended polymer is 0.3x360 ~108nm. 
 
                      
    
 
 
 
 
 
 
 
 
 
 
 
Figure 63  shows some simple, approximately to scale, models of possible Pt-NP core / PVP stabiliser 
confirmations. For these scale models, the ratio of NP core diameter to PVP chain length used is 3:108 
(3nm mean diameter, 108nm length polymer chain). The length of an extended PVP chain can be 
1poly:1NP  
1poly:2NP 
a 
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d c 
3poly:1NP 
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calculated, we know that each monomer consists of 2 C-C bonds which are each ~0.14nm long. 
Therefore, the length of the extended polymer is 0.3x360 ~108nm. 
  
The following evidence gives credence to the idea that the ratio of number of PVP 
stabiliser chains per platinum core for an individual NP is approximately 1:1: 
 The minimum inter core spacing observed via TEM show an approximate core 
spacing of 12nm. We know that the radius of gyration of a single PVP chain is 
approximately 11.4nm. Therefore the confirmation of the PVP chains around the 
NP cores would have to be significantly smaller if more than one PVP chain 
were to fit into the achieved close packed NP arrays shown in [Figure 60]. 
 
 The ratio of PVP chains to Pt cores used in our NP synthesis has been shown to 
be close to 1:1 [5.3.2] Pt-NP morphology is most likely to be either 1 core: 
1PVP chain or several cores per chain (Figure 63) other ratios of polymer to 
core would appear to be excluded on the basis of there being not enough PVP in 
the system. 
 
 PVP has a high affinity for a range of interfaces [75] and stabilises the Pt cores 
well [64]. However, once a once an approximate monolayer adsorbs to an 
interface steric hindrance between the adsorbed film of PVP and the free PVP in 
solution restricts further PVP adsorption [5.4.4]. We would therefore expect the 
PVP to adsorb as an approximate monolyer on the platinum NP cores. In 
addition, because of the ratio of size of PVP (~11nm diameter of gyration 
[5.5.3]) to Pt-NP cores (~3nm diameter [5.3.1]), the geometry only allows for a 
small number of PVP chains to fit around a single Pt-NP core.  
 
 
If a proportion of the Pt-NPs are made up of a single platinum nanoparticle core 
stabilised by a single PVP chain then there are some interesting implications for NP 
growth mechanisms. It would seem thermodynamically unfavourable for a PVP chain to 
unfurl from its random walk conformation in order to wrap around newly forming 
nucleating and growing platinum cores. It seems more likely that the system would 
        Page 146   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
instead keep its Gibbs free energy low by allowing the reduced Pt atoms to nucleate and 
grow inside individual PVP chains.   
        Page 147   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
5.6 Conclusion 
 
Stable Pt-NP dispersions were synthesised using a range of PVP stabiliser 
concentrations. Pt-NP core diameters were found to be inversely proportional the log of 
the concentration of PVP used to stabilise the NP dispersion and vary from ~2.3 to 
~3.6nm in diameter. Pt-NP dispersions remained stable and monodisperse down to PVP 
stabiliser concentrations of 0.0015%wt. 
 
Calculations of ratio of number of NPs to number of PVP chains used in the synthesis 
of the Pt-NPs were made. Assuming 100% reduction and conversion of the platinum 
salt to platinum NPs, it was shown that at low PVP stabiliser concentration (less than 
0.02wt% PVP:0.23wt% Pt salt) the ratio of number of PVP chains to number of 
platinum cores was likely to be less than 1:1. Pt-NP dispersions made with less than 
0.0015wt% PVP to 0.23wt% Pt salt were found to be unstable and as a result coalesced 
and sedimented out of the dispersion. 
 
PEMA films with a thickness of ~3nm were successfully spin coated onto QCM crystals 
and used as a model 2D system for Pt-NP adsorption. NPs were shown to adsorb rapidly 
reaching equilibrium in less than a minute for all NP concentrations used. Once an 
approximate nanoparticle monolayer is formed, further adsorption is sterically hindered. 
QCM and TEM were employed to demonstrate that the Pt-NPs exhibit high adsorption 
energies. 
 
QCM and TEM were employed to demonstrate that adsorption densities of Pt-NPs on 
spin coated PEMA films was a function of the concentration of PVP stabiliser used in 
the original NP synthesis. Reducing the concentration of stabiliser resulted in an 
increase in Pt-NP adsorption density. Excess PVP left over from the synthesis adsorbs 
at the interface and sterically hinders further adsorption of Pt-NPs.  
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QCM and TEM were employed to demonstrate that adsorption densities of Pt-NPs onto 
spin coated PEMA films was also a function of concentration of the dispersion. 
Reducing the concentration of the dispersion resulted in a decrease in Pt-NP adsorption 
density. Free excess PVP chains in the NP dispersion not only adsorb and block 
potential NP adsorption sites but, even though the ratio of Pt-NPs to PVP remains 
constant, as the concentration drops the adsorption rate of the PVP increases more 
relative to the Pt-NP adsorption rate. The larger Pt-NPs diffuse more slowly than the 
free polymer chains. As both species become more dilute, the average mean free path 
for each species increases and therefore the smaller polymer chains increasingly ‘win 
the race’ to the interface. Adsorption rates (maximum gradient of isotherm) for different 
Pt-NP concentrations were measured. The peak adsorption rate was found to be 
proportional to the Pt-NP concentration in the bulk. An overshoot in frequency change 
observed on the Langmuir isotherms was shown to be due to the pressure wave caused 
by the inflow of liquid into the QCM cell and onto the crystal. 
 
QCM adsorption isotherms for a range of Pt-NP dispersion concentrations were used to 
analyse both the equilibrium adsorption and kinetic adsorption data using standard 
Langmuir adsorption theories. These data were used to determine a consistent value of 
the Langmuir adsorption equilibrium constant for the nanoparticle – substrate 
interaction and was found to be 0.26µmol/L. The Langmuir adsorption equilibrium 
constant was used to calculate the Gibbs free energy of adsorption, at equilibrium, per 
mole of Pt-NP and was found to be 3.30x10-3J/µmol. Avogadro’s number was then used 
to calculate the adsorption energy of a single Pt-NP and was found to be 5.49x10-21J. 
This figure was compared to the background thermal energy and was found to be 
~1.35kT. The adsorption energy of the Pt-NP has been shown experimentally to be 
many times the background thermal energy. We are therefore forced to conclude that 
the calculated figure of 1.35kT is too low. We conclude that the concentration 
dependence of adsorbed mass in these systems is due to the presence of a second 
surface active species, in this case PVP, which has a higher diffusion coefficient.  
Successful Langmuir adsorption studies are regularly made for molecular species which 
reach adsorption/desorption equilibria at different concentrations.  Although the same 
shaped adsorption isotherms can be found for some particle systems, care should be 
taken to make sure the system is pure before applying this analysis. 
        Page 149   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
A technique was developed and employed to take account of the curvature and 
transparency of polymeric microcapsules in order to measure Pt-NP adsorption densities 
on capsule surfaces via TEM. The same relationship as observed in the 2D model 
system between Pt-NP concentration and resulting Pt-NP surface density was observed 
on the 3D microcapsule surface. Pt-NP surface density increased with dispersion 
concentration and was shown to plateau. Calculations of available capsule surface area 
and number of Pt-NPs in the continuous phase were made. The number of Pt-NPs 
available per unit surface area of capsules introduced was shown to be significantly 
greater than that of the measured Pt-NP surface density. Therefore the observed 
variation in Pt-NP surface density can’t solely be explained by Pt-NP depletion from the 
bulk. This lends weight to the argument that free PVP chains are adsorbing at the 
interface at the expense of the Pt-NPs in the suspension. 
 
Comparisons were made using TEM between 2D NP adsorption densities on model 
PEMA surfaces and 3D NP adsorption density on PEMA capsules. Adsorption densities 
compared well. An equation was derived to calculate the percentage increase in packing 
density when a 2D interface is changed into spherical particulate interface of equal 
interfacial area. The change in packing density was shown to be dependent on the 
capsule size and the size of the NPs to be adsorbed. For the system used in this study the 
capsule size was ~2µm and the adsorbed particle diameter was ~10nm. The percentage 
increase in available packing due to the curved interface was calculated at ~2%.   
 
The maximum NP surface area coverage achieved was shown to be ~5.6%. TEM 
images showed that NP metallic cores adsorbed in semi-regular hexagonal packing 
patterns and exhibited regular gaps of ~12nm between cores. Dynamic light scattering 
showed the NP hydrodynamic diameter to be ~10nm. The NP core interspacing can 
therefore be explained by the steric hindrance of the adsorbed PVP polymeric stabilizer. 
 
The radius of gyration, in an aqueous environment, of 40KDa PVP chains was 
calculated to be 5.69nm (11.38nm diameter). DLS was used to measure the diameter of 
the Pt-NPs and was found to be ~10nm which fitted well with the observed minimum 
inter-core spacing of ~12 nm seem on TEM. This information coupled with the 
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calculated low ratio of PVP chains to number of platinum cores in the Pt-NP dispersions 
used in these experiments leads us to conclude that our Pt-NPs may consist of a 
platinum nanoparticle core at the centre of a single PVP chain. 
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6 Secondary metallic film 
morphology, growth and 
properties 
 
 
6.1 Synopsis 
 
Thin films of solid gold can be grown directly onto adsorbed Pt-NP films using 
electroless plating [See section 2.2.2 for more detailed description of  mechanisms][64]. 
This method utilizes the platinum as a catalyst and nucleation site for gold growth in the 
presence of a reducing agent for the metal ions [eq. 31]. 
 
2𝐻𝐴𝑢𝐶𝑙4 + 3𝐻2𝑂2
𝑃𝑡0
→ 2𝐴𝑢 + 3𝑂2 + 8𝐻𝐶𝑙 eq. 31 
 
The presence of the nanoparticles localizes the deposition of solid gold, which limits 
further precipitation in the continuous phase. Once all the catalytic platinum sites are 
covered the gold film can continue to grow, albeit at a slower rate, as gold also acts to 
promote the reduction of gold on gold through an autocatalytic process. 
 
The previous chapter has demonstrated an understanding and good control of the 
catalytic nanoparticle adsorption densities. Therefore, this chapter will focus on using 
these nanoparticle films as catalysts for the growth of secondary metal and explore the 
influence of variables such as temperature and time on the resulting metal film 
morphology  [Figure 64d]. 2D polymeric spin coated glass slides [3.2.3] were used as a 
model system in order to analyse, using AFM and SEM, the secondary metal film 
thickness and roughness as a function of time and temperature. In order to characterise 
the secondary metal films on 3D microcapsule surfaces, capsules were microtomed and 
observed using TEM [3.2.7]. In addition, FIB epitaxy was used to cut sections through 
the capsules which were then observed via SEM [3.2.6].  
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Figure 64 Schematic diagrams (a-d) and corresponding optical and electron microscopy images (e-h) of 
the different phases from emulsion droplet to gold coated capsule (a) emulsion droplet, (b) capsule, (c) 
capsule with adsorbed NPs, (d)  Gold coated capsule, (e) emulsion droplet (optical microscopy), (f) 
capsule (TEM), (g) capsule with adsorbed NPs (TEM), (h)  Gold coated capsule (SEM) (inset gold coated 
capsule under visible light). Red box highlights the part of the process discussed in this chapter. 
 
In this part of the work, catalytic Pt-NPs are used to grow continuous secondary gold 
films via electroless deposition. The synthesis of the Pt-NPs is described in section 
[3.3.2] and the standard gold plating technique is described in section [3.3.4]. Any 
variations from these standard methodologies will be described within this chapter. 
 
As described in the aims of this work, this project has focused on developing the 
methodology with good control over the deposited metal films, which was made 
possible by using a well understood metal combination and translating the knowledge 
provided by the literature to deposition of similar films onto polymeric microcapsule 
shells. On this basis we justify the use of this combination of Noble metals.  We know 
this is a potential challenge with respect to translating the methodology to commercial 
products because of the costs associated with using these metals in the manufacturing 
process. Our research group is separately focusing on developing this methodology for 
more cost effective metal combinations such as palladium catalysing the growth of 
continuous copper or nickel secondary films.   
Irrespective of chosen metal combination, to limit costs and provide an affordable 
solution to the encapsulation of small active ingredients thin, smooth, complete 
100nm 5µm 500nm 2µm 
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secondary films are required. In addition, triggered release of actives from the capsule 
core is envisaged to be through mechanical breakage and therefore control over metal 
film thickness would allow for the production of capsules with different rupture 
strengths.  
It will also be beneficial to control surface roughness of the secondary metallic film as 
this has been shown to effect the resulting achievable adsorption density of biological 
moieties for potential targeted therapeutic pharmaceutical drug delivery [86] and may 
also effect the rupture strength of the capsule. 
 
 
6.2 Metal film morphology on 2D model polymeric 
substrates 
 
In order to minimise the number of variables and the associated error and observe the 
metal film growth kinetics in detail, metal film growth was analysed in 2D on polymer-
coated glass slides using atomic force microscopy (AFM) and SEM. Polymeric thin 
films were first spin-coated onto glass slides [3.2.3]. Knowledge gained in chapter 5 
was then used to adsorb known surface densities of Pt-NPs onto the coated slides. Metal 
films were grown to test the influence of several variables associated with the process.  
Figure 65 shows an SEM image of the spin coated PEMA film on a glass substrate with 
a gold film grown on top. It was found that light scraping with a plastic pipette tip 
removed only the gold film (A) and light scraping with a scalpel removed both the 
PEMA and the gold film but left the glass substrate intact (B). The spin-coating 
technique was the same used to spin-coat quartz crystals in section 5.4.1 and resulted in 
PEMA films approximately 3nm thick. 
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Figure 65 SEM image of spin-coated PEMA film on a glass substrate with a gold film grown on top. The 
arrows show (A) a relatively light scrape with a plastic pipette tip removes only the gold film and (B) 
light scraping with a scalpel removes both the PEMA and the gold film. The PEMA film is ~3nm thick 
[5.4.1]. 
 
In order to measure the metal film thickness multiple scalpel score lines were made 
across the sample. AFM scans were then made of the score line and height profile lines 
were drawn across the PEMA/gold film boundary. Figure 66a shows an example of the 
data obtained for a typical height profile. Each profile was split manually into the line 
sections representing the PEMA film height and the gold film height [Figure 66b] and 
the equation of each new line was found automatically by the excel software by the 
‘least squares’ method [Figure 66c]. Although the gradients of the two lines of best fit 
differ slightly and therefore the further from the divide one goes the less accurately the 
‘perpendicular’ distance between the two lines reflects the film thickness. Therefore, the 
mid-point of the divide and the average of the inverse of the two line gradients were 
then used to generate a third ‘perpendicular’ line which went through the mid-point 
[Figure 66d]. This line was then intersected with the other two lines to find the 
A 
B 
Glass 
Substrate 
PEMA spin 
coated film 
Gold film 
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coordinates of the two intersect points and Pythagoras was used to calculate the 
perpendicular distance between the two lines at the mid-point. This was done for 10 
profiles on each sample and then averaged.  
 
 
    
    
Figure 66 shows how AFM height profiles were analysed to measure the thickness of the metal films (a) 
shows the data for a single profile (b) shows two new line made when the profile was split (c) the 
equation of each new line was found and (d) the mid-point of the divide and the average of the inverse of 
the two lines gradient was used to generate a third line. 
 
In the previous chapter, QCM adsorption data on PEMA spin coated silica crystals and 
direct TEM micrographs of dip coated PEMA films on TEM grids both show that Pt-NP 
saturate PEMA interfaces in minutes to forming complete monolayers [5.4.2]. An 
assumption was made that the Pt-NP would interact in the same way with PEMA spin 
coated glass slides. Therefore by choosing to work with constant particle concentrations 
and adsorption times a further assumption was made that the NP density would remain 
constant for all the samples tested. 
 
a b 
c d 
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6.2.1 AFM analysis of 2D film thickness and roughness as a function of 
temperature and time 
 
Using the procedure described above, mean film thickness was measured as a function 
of temperature and time. Film roughness was also measured for each of the samples. 
Roughness was measured by comparing the expected area of the flat AFM raster scan 
surface to the actual surface area of the scan [3.2.1].   
To create the metal-coated surfaces for these experiments, Pt-NPs were first adsorbed 
onto the spin coated PEMA films at a reproducible known density [5.4.4] (Pt-NP 
concentration in the bulk 4.6x1015mL-1 resulting in a Pt-NP surface adsorption density 
of 7x103µm-2). The NP-coated surfaces were then washed several times to remove any 
excess NP from the system. They were subsequently dipped into electroless plating 
solutions for a range of times at various temperatures and then immediately rinsed with 
Milli-Q water.  
Figure 67 and Figure 68 show graphs of mean gold film thickness as a function of time 
and temperature.  
 
 
Figure 67 Graph showing how mean secondary metal film thickness varies with time and temperature.. 
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Figure 68 Graph of mean metal film thickness as a function of temperature at 10, 30 and 60 seconds 
plating time.   
 
The mean film thickness increases over time for all temperatures [Figure 67] and the 
rate of film thickness growth is greater at higher temperatures [Figure 68]. The standard 
deviation on thickness at 80oC is higher because of the increased surface roughness at 
elevated temperature. 
Figure 67 shows that two distinct growth phases were observed. In the primary phase 
the growth rate is high and non-linear, in the secondary phase the growth rate slows and 
the relationship between film thickness and time appears to become linear. Early growth 
rates are difficult to practically measure due to the relatively large error associated with 
the time the samples are dipped into the plating solution. However, we can choose any 
temperature and look at the change in film thickness in the first 10 seconds compared to 
the thickness at 60 seconds. For example at 20oC, the mean film thickness is ~20nm 
after 10 seconds. If this rate were to continue we would expect the thickness at 60 
seconds to be ~160 nm, instead it is only ~55 nm.  This two stage growth rate is likely 
to be caused by the catalytic Pt-NP surface initially promoting rapid gold film growth 
followed by slower autocatalytic gold on gold film growth. Horiuchi et al. report similar 
findings for gold grown on Pt-NPs and interestingly when they go on to grow gold on 
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gold nanoparticles they show a near linear relationship between thickness and time with 
no second phase [64].  
 
Figure 69 Graph showing how mean secondary metal film surface roughness varies with time 
 
 
Figure 70 showing how mean secondary metal film thickness varies with roughness 
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Figure 69 shows a graph of surface roughness as a function of time for a series of 
temperatures. The roughness increases over time for all temperatures and the rate of 
increase is greater at higher temperatures.  
Plotting surface roughness as a function of mean metal film thickness shows that there 
is little variation between temperatures [Figure 70]. It seems likely that although the 
films become rougher and thicker more quickly at higher temperature the relationship 
between surface roughness and film thickness is linear. 
Figure 71a-d show AFM raster scan height profiles in plan as a function of time. In 
addition, Figure 71e-h show 3D projections of the same samples. It is evident from 
these AFM data that both the surface roughness and ‘grain’ size increase with time. This 
phenomenon has also been observed in previous literature data.  
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Figure 71 AFM images showing increasing roughness and ‘grain’ size with time (a-d) height profiles in 
plan for times  0.5, 10, 60 and 600sec respectively, (e-h) 3D projections of the same samples. 
a b 
c d 
e f 
g h 
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For example, Porter et al grew noble metals on germanium surfaces via galvanic 
displacement and also observed the ‘grain size’ and surface roughness increasing with 
plating time [59]. In addition, these authors noticed that the lustre or shine of the 
surfaces decreased with increasing film thickness, which correlates well with the 
roughness increasing in parallel to thickness. 
Figure 72 shows a schematic diagram of the proposed mechanism for the growth of the 
secondary metal film on the nanoparticle substrate.  
 
            
 
Figure 72 shows a schematic diagram of the proposed mechanism for secondary metalic film growth on a 
NP film. 
 
Figure 70 shows surface roughness increasing with film thickness and Figure 71a-d 
show that the surface consists of increasingly large nodules of gold as the film thickness 
increases. The height/vertical resolution of the AFM used in these studies is on the order 
of 1nm however the lateral/horizontal resolution is far lower and therefore it is not 
possible to resolve the Pt-NPs or the initial gold growth phase. However, if we make the 
assumption that this trend continues and the nodular nature of the films continues to 
reduce in size as the gold films get thinner one can speculate that the polycrystalline 
film originally forms on the scale of the underlying Pt-NP adsorption density [Figure 
74]. It seems likely that the film grows by a form of competition between growing 
nodules and that no new nucleation occurs. If this is the case and the nodules were 
found to be single crystals the implication would be that each large nodule on the 
surface of the gold film is in fact a single crystal grown from a single Pt-NP on the 
polymeric interface.  
3 2 1 
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6.3 Metal film morphology on microcapsule 3D 
surfaces 
 
6.3.1 Further evidence of Gold film growth mechanism 
 
Analysis of model 2D gold film growth via AFM showed that films roughness increased 
with time and film thickness [6.2.1]. A mechanism was proposed to explain the increase 
in roughness observed in Figure 72. 
Figure 73 shows an SEM image of a broken capsule. The edge of the metal film at the 
break is rolled back in a way that it is possble to image both the interior surface and 
exterior surface.  
 
If we zoom in on the image we can see evidence of grain size variation from the inside 
to the outside, the grain size increases from the interior to the exterior. The initial 
secondary metal grain size appears to be comparable to the dimensions of the original 
adsorbed Pt-NP film. The, to scale, inset in Figure 73  is a TEM micrograph of 2D 
model Pt-NP adsorption density of the equivalent Pt-NP film used.  The Pt-NP surface 
density is on the same scale as the initial crystalline gold growth on the underside of the 
film. This fits well with the proposed mechanism for the growth of the secondary metal 
film on the nanoparticle substrate described in section 6.2.1 of this chapter. 
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Figure 73 shows SEM evidence for grain size variation on a broken capsule. The grain size increases 
from the interior out and initial secondary metal gain size appears to be comparable to the dimensions of 
the original adsorbed Pt-NP film. Inset shows 2D model Pt-NP adsorption density of the equivalent Pt-NP 
film used.   
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6.3.2 Measuring metal film thickness from microtome capsules  
 
Initial attempts to mechanically break the capsules via freeze fracturing were successful. 
~0.5mL samples of the gold coated capsules in an aqueous continuous phase were 
dipped into liquid nitrogen for 30 seconds and then crushed between two glass slides 
(the glass slides had been precooled in the nitrogen). However, the shell morphology 
proved difficult to assess. Although the gold films were clearly visible, only a very 
small proportion of the broken capsules were oriented in such a way as to make good 
shell thickness measurements possible and many of the edges were folded over or 
twisted [Figure 74].  
 
     
Figure 74 shows an SEM micrograph of a freeze fractured capsule showing how the gold film edges can 
fold and twist which prevents accurate measurement of thickness 
 
A microtome was therefore used to observe thin slices of capsules under TEM. The gold 
coated capsules were suspended in ethanol and subsequently mixed into a liquid epoxy 
resin which was allowed to harden. The solid epoxy resin block was then microtomed to 
produce ~100nm thick slices which revealed the gold wall structure on each 
microcapsule [3.2.7]. The films were then mounted onto TEM grids. 
(a) 
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In addition to the microtoming, focused ion beam (FIB) and electron microscopy were 
used to incrementally, 100nm at a time, slice through the epoxy resin block of metal 
coated capsules [3.2.6] and take SEM micrographs of the section though the capsules 
prior to each new cut. 
 
6.3.2.1 Dealing with the four variables associated with microtome 
samples 
 
Microtoming the capsules proved very successful [Figure 75]. However measuring 
metal film thickness was not simply a matter of measuring the mean thickness of 
capsules visible in the microtomed slice. The film thickness of a metal coated capsule 
depends on how far from the diameter the capsule is sliced. Because of the spherical 
shape of the metal shell, the further from the capsule equatorial diameter the slice is 
made the thicker the film appears to be [Figure 78]. If the sample is monodisperse it is 
possible to use the apparent diameter to mathematically correct for this phenomenon in 
a microtomed sample, however, the PEMA/Tol capsules used in this study have a 
polydisperse size distribution. 
 
 
Figure 75 TEM image of a 100nm thick microtome slice through metal coated capsules set in an epoxy 
resin block [3.2.7]. 
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Figure 76 shows TEM images of microtomed capsules with a range of apparent 
secondary metallic film thicknesses. Even in an ‘ideal’ sample where all capsules are 
coated with the same film thickness, variation of apparent film thickness within the 
sample is observed because of the variation of both capsule size and slice position. 
 
 
Figure 76 TEM images of microtomed capsules from the same sample showing a range of apparent 
secondary metallic film thicknesses. A range such as this can be found within a single sample due to the 
polydisperse capsule size and random capsule slice position. 
 
If it were possible to grow exactly the same thickness metal films on all of the capsules 
within a polydisperse dispersion one could simply estimate the true metal film thickness 
as the lowest film thickness from the measured distribution of thicknesses. However, 
there are two other variables, which make this impossible. Firstly, the metal film has a 
significant roughness as compared to its thickness (since the aim here is to achieve 
thicknesses below 100nm) and secondly, due to inhomogeneous mixing during the 
electroless plating phase, there is a variation of film thickness from capsule to capsule 
Figure 77. 
 
             
Figure 77 Schematic diagrams representing shell roughness and shell thickness between capsules, the two 
variables which have the action of spreading the theoretical thickness frequency distribution for a single 
‘microtome’ shell. 
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6.3.2.2 Finding a mean shell thickness using microtome 
 
In order to obtain a representative statistic of the metal shell thickness distribution while 
overcoming the above challenges, one needs to deal with 4 variables 1) the cut position 
relative to the equatorial diameter, 2) the polydisperse capsule size distribution, 3) the 
surface roughness and 4) the variation in thickness due to inhomogeneous mixing 
during the electroless plating phase. The paragraphs below tackle each of these 
variables in turn and show that it is still possible to obtain a representative mean shell 
thickness from the TEM measurements of the microtomes capsules.   
The observed film thickness can be calculated at different distances from the equatorial 
diameter for an ideal metal coated capsule [Figure 78]. The radius can be divided into 
1000 equal parts and the apparent film thickness can be calculated for all positions 
using [eq. 32]. On this basis, a plot of the frequency distribution of apparent thickness 
(𝑑𝑎𝑝𝑝) for a particular capsule size (𝑟𝑐𝑎𝑝) and metal shell thickness (𝑑𝑔) can be plotted.   
 
 
Figure 78 Schematic diagram showing that the observed film thickness of an ideal metal coated capsule 
depends on how far from the diameter the capsule is sliced. 
 
 
𝑦2 = √(𝑟1
2 − 𝑥2) 
𝑟2 𝑟1 
𝑦1 = √(𝑟1
2 − 𝑥2) 
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Where: 
𝑟𝑐𝑎𝑝 Radius of the polymer capsule  
𝑑𝑔 The metal film thickness 
𝑑𝑎𝑝𝑝 The apparent metal film thickness 
𝑥 Distance from the centre of the capsule in the 𝑥 direction 
𝑦1 Distance to the polymer capsule surface from position 𝑥 in the 𝑦 direction  
𝑦2 Distance to the metal film surface from position 𝑥 in the 𝑦 direction 
 
𝑦1 = √𝑟𝑐𝑎𝑝2 − 𝑥2 
 
𝑦2 = √(𝑟𝑐𝑎𝑝 + 𝑑𝑔)2 − 𝑥2 
𝑑𝑎𝑝𝑝 = 𝑦2 − 𝑦1 
Therefore: 
𝑑𝑎𝑝𝑝 = √𝑟𝑐𝑎𝑝2 + 𝑑𝑔
2 − 𝑥2 + 2𝑟𝑐𝑎𝑝𝑑𝑔 −√𝑟𝑐𝑎𝑝2 − 𝑥2 eq. 32 
 
 
Figure 79 shows the theoretical shell thickness frequency distribution for two capsules 
of radius 100nm and 40nm and shell thickness 5nm. It is found that, for an ideal 
capsule, its thickness is given by the peak of the frequency distribution curve or the 
‘mode’. This is because the true thickness occurs more frequently than any other 
apparent thickness (NB the peak appears to occur at a slightly increased thickness in 
Figure 79 but if enough measurements are taken and the bin limits are small enough this 
skewing of the data will not be observed).  
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Figure 79 Theoretical shell thickness frequency distribution for spheres of radii 100 and 40nm both with a 
5nm shell. 
 
Is it therefore appropriate to simply plot an observed apparent film thickness frequency 
distribution for a particular microtome sample and read off the thickness at the mode 
and record that as our mean film thickness? 
Figure 80 shows actual frequency data for one of our samples. We can see that although 
the characteristic expected theoretical shape due to the cut position is present, it has 
been spread out somewhat and the initial sharp rise observed in the theoretical plot is 
lost. 
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Figure 80 shows experimental frequency distribution data for a polydisperse microtome capsule sample. 
 
We know from the theoretical work described above that variation of capsule size does 
not act to spread the curve. Metal film roughness and the variation of film thickness due 
to inhomogeneous mixing during the electroless deposition phase will both act to spread 
out the thickness distribution curve. However, both of these variables contribute a 
‘normal’ distribution curve to the underlying data and do not skew the data or shift the 
peak of the curve in either a positive or negative direction.  
In summary then, to measure the mean thickness of our metal films, we can ignore all 4 
variables and, by simply plotting a frequency distribution of shell thickness, take the 
mode as the mean.  
 
In order to further check that the microtome technique is valid, focused ion beam (FIB) 
and electron microscopy were used to incrementally slice through the same sample of 
metal coated capsules [3.2.6]. By imaging each slice, we were able to construct a video 
of the cut progression through the block [Figure 81].  
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Figure 81 SEM images of different slices of a block of capsules set in epoxy resin.  The red dots in show 
capsules in a different volume of the sample that have been cut through the diameter 
 
Unlike for the microtomed sample observation via TEM, here it was possible to 
determine each capsule equatorial diameter and therefore remove the characteristic 
curve formed when cuts are made randomly through the sphere at different positions 
away from the equatorial diameter. The red dots in Figure 81 show capsules, for which 
the depth of observation (i.e. the extent at which the FIB had slices through the sample) 
corresponds to the equatorial diameter of the capsules. The frequency distribution for 
the FIB data is now purely due to the variation in shell thickness and roughness across 
the sample and is not a function of cut position. Figure 82 shows an overlay of the 
frequency distribution for the FIB data and the microtome data measured and calculated 
for the same sample using the methods described. As expected here, the thickness 
distribution peak has not shifted, which confirms that surface roughness and shell 
thickness do not affect the position of the peak.  
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Figure 82 Frequency distribution of gold film thickness of a sample of microcapsules formed in a 0.73M 
gold salt plating solution. The two distributions compare data from 100nm thick microtomed capsules 
samples [3.2.7] and thickness measurements taken directly from FIB [3.2.6]. 
 
FIB is a relatively expensive and time consuming method for analysing capsule cross-
sections. In addition to this, sampling is limited to a relatively small number of capsules. 
Microtoming is less expensive, less time consuming and provides a relatively large 
number of capsules for sampling. From this point, measurements of microcapsule metal 
shell thickness via microtome and TEM will be considered a reliable technique and be 
used to obtain this information and to compare data when investigating the influence of 
synthesis variables. 
   
6.3.3 Microcapsule gold film thickness as a function of plating solution 
concentration (PEMA/Toluene core capsules) 
 
The microtoming technique, described above, was used to measure gold film 
thicknesses as a function of metal salt plating solution. Toluene core, PEMA shell 
microcapsules [3.3.1] were coated in a Pt-NP film using the standard coating method 
[3.3.3]. In order to maximise the Pt-NP adsorption density, NPs synthesised with using 
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0.015wt% of PVP stabiliser were used in excess at a concentration of 4.6x1015mL-1 
[5.4.4]. The Pt-NP density is therefore expected to be comparable to Figure 51d in the 
previous chapter. 
The reducing agent concentration and the percentage of the original capsule dispersion 
being metal coated was kept constant, which ensured capsule number and capsule total 
surface area used remained the same. In this case, only gold salt concentration was 
varied.  
Each sample was then processed for microtoming and 100 nm thick slices of capsules 
were observed using TEM. Wide field TEM micrographs of the microtomed capsules 
were used. Images approximately 50 µm square were used to measure gold film 
thickness [Figure 83]. Five thickness measurements were taken from each capsule in the 
slice, these 5 thicknesses were then averaged for each capsule.  
 
 
Figure 83 Typical wide field TEM micrograph of ~100nm thick microtome gold coated capsules in epoxy 
resin [3.2.7]. 
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As described in section [6.3.2.2], the frequency distributions for each gold salt 
concentration were plotted and the mode of each distribution was taken as the mean 
thickness. Mean shell thickness was then plotted as a function of gold salt concentration 
[Figure 84]. Using the standard deviation of the raw data doesn’t take account of the 
variation in film thickness due to the variation of the cut position relative to the 
equatorial position. Standard deviation was therefore calculated by taking the standard 
deviation of the raw film thickness measurements and subtracting the standard deviation 
of the theoretical data used to generate the theoretical shell thickness frequency 
distribution at the same peak shell thickness. In other words the standard deviation due 
to the cut position was removed. 
 
 
Figure 84 Microtome data showing gold film thickness as a function of gold salt concentration used on 
the electroless plating solution.  
 
Figure 84 shows mean metal film thickness increasing with increasing gold salt 
concentration in the plating solution. As the salt concentration drops to zero we know 
that the film thickness also drops to zero and therefore any fitted curve must pass 
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through the origin. Therefore the relationship between gold salt in the plating solution 
and the resulting capsule metal film thickness was shown to exponentially approach a 
plateau.  
The volume of gold introduced can be calculated from the volume of gold salt 
introduced and the concentration. We can then use this volume and the calculated 
surface area of capsules introduced [4.1.2] to calculate the expected gold film thickness 
if 100% of the gold salt introduced were to be converted to solid gold film.  In Figure 85 
the gold film thickness at 100% conversion of gold salt is plotted as a function of gold 
salt concentration and is overlaid on the actual measured gold film thicknesses for the 
different gold salt concentrations. 
   
 
Figure 85 shows the calculated gold film thickness at 100% conversion of gold salt, plotted as a function 
of introduced gold salt concentration (red diamonds) and is overlaid on the actual measured gold film 
thicknesses for the different gold salt concentrations (black squares). The inset shows the same graph but 
with the calculated film thickness corrected for a 2/3 loss of capsules during the synthesis wash cycles. 
 
Figure 85 shows that the calculated gold film thickness (assuming 100% conversion of 
gold salt to gold film) varies linearly with introduced gold salt concentration. 
Interestingly, at a concentration of 45mM (Figure 85 circled in blue) the calculated 
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maximum possible film thickness is a factor of 3 less than the actual measured film 
thickness. The method of synthesis used to make these gold coated capsules required 6 
separate wash cycles, 3 after capsule formation [3.3.1] and 3 after the Pt-NP adsorption 
phase [3.3.3]. The explanation is that we are losing at least 2/3 of the available surface 
area during the wash cycles (The slower settling rate of smaller capsules which 
contribute to the overall surface area relative to their volume, are more easily lost, 
therefore we can’t for certain say that we are losing 2/3 of the actual capsules). 
If the calculated thickness measurements are increased by a factor of 3 [Figure 85 inset] 
it is clear that at all but the lowest gold concentration there is a large excess of gold 
which is not used to make the films.  The plateauing of the measured gold film 
thickness can’t therefore be attributed to depletion of the gold salt form the continuous 
phase and, in all but the lowest gold salt concentrations used in this study, the gold is 
being used inefficiently.  
With this system we demonstrated successful coating of polymer capsules with a thick 
metallic shell however, initial attempts to characterize release form these capsules 
highlighted challenges with small core volumes when using toluene as a core therefore 
we didn’t minimize the shell thickness for this system but instead developed capsules 
with a new core (hexyl salicylate [3.3.1]). 
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6.5 Oil core release and gold film thickness as a 
function of temperature (Hexyl salicylate core 
capsules) 
 
6.5.1 Oil core release study (Hexyl salicylate core capsules) 
 
The potential of metallic shell capsules for “permanently” encapsulating low molecular 
weight, volatile molecules within a continuous phase that can dissolve the encapsulated 
actives is demonstrated in this section. 
 
Polymer capsules are porous and are known to allow diffusion of the core into the 
external environment, particularly if there is a high solubility of the core in the 
continuous phase. Here, the potential of the developed metal shell capsules for retaining 
a volatile oil within their core is compared to that of the precursor polymer-shell 
capsules. The procedure for monitoring the release of the oil from both sets of capsules 
is described in section [3.3.5] As previously mentioned, toluene proved to be a suitable 
system to test the nanoparticle adsorption and subsequent secondary metal film growth, 
its relatively high solubility in water (∼0.52 g·L−1 at 25 °C) prevented its use for release 
testing. Thus, the oil used here is hexyl salicylate. It has poor water solubility (∼9 × 
10−4 g·L−1 at 25 °C) which is advantageous as compared to the use of toluene. This 
ensures maximum core retention through the precursor polymer capsules preparation 
and washing procedure before porosity testing (at 40 °C) in 4:1 ethanol/water mixtures.  
 
 
In this case, polymer capsules produced from an oil emulsion template [3.3.1] were 
coated with Pt-NPs and a secondary continuous film of gold, as described in sections 
[3.3.3] and [3.3.4.1] respectively. Characterization of the release of hexyl salicylate was 
performed using gas chromatography for both sets of capsules. 
 
Figure 86 shows that the bare polymer capsules release their entire contents into the 
ethanol−water mix within 20 min. When a gold film is grown on the surface of the 
precursor polymer capsules, only a small fraction of the initially encapsulated oil is 
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released, (typically smaller than the error associated with the measurement) over the 21 
day test period. By mechanically fracturing the metal-coated capsules (as demonstrated 
in the inset of Figure 86) and testing the sample again for core release, we measured a 
release of 49% of the initial hexyl salicylate oil present in the precursor polymeric 
capsules, thus confirming the presence of encapsulated oil within the metal shell 
microcapsules. The fact that not all of the oil was recovered from the mechanically 
fractured capsules is likely due to loss of material during the fracturing procedure and 
because not all capsule shells were successfully broken. 
 
 
Figure 86 Hexyl salicylate release profile from PMMA capsules () and gold coated PMMA capsules 
(x), placed in  4:1 ethanol:water at 40°C. The level of encapsulated oil released from mechanically 
fractured gold coated capsules (after residing in ethanol:water mixture for 7 days) is indicated by . Inset 
– An SEM image of a mechanically fractured gold coated PMMA capsule with hexyl salicylate core. 
These data were not collected experimentally by myself but are part of the overall effort of our research 
group to demonstrate this technology on polymer microcapsules, however they have been published in the 
article placed in appendix [87] [Appendix section 9]. 
 
 
Long term encapsulation of small, volatile molecules was one of the primary aims of 
this thesis and therefore the successful encapsulation of hexyl salicylate demonstrated 
here is important.  
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6.5.2 Gold film thickness as a function of temperature (Hexyl salicylate core 
capsules) 
 
This part of the work investigates the effect of the electroless plating reaction 
temperature over the shell thickness of the metal film produced and its resulting 
permeability. By reducing the reaction temperature for the metal growth, it is expected 
that we will obtain thinner metal films as a consequence of a slower reaction rate [88]. 
Growth of thinner metal films is a potential cost advantage with regards to a 
manufacturing process provided the capsule impermeability can be retained.  
Figure 87 shows that as the temperature is decreased, the measured shell thickness (via 
TEM of microtomed samples and subsequent image processing [3.2.7]) does decrease 
significantly from 150nm to 60nm. However, above 60 °C, the film thickness appears to 
reach a plateau.  
 
 
Figure 87 Thickness of metal shell as a function of plating temperature (), measured from microtome 
images using TEM, and release of core as a function of plating temperature (4:1 ethanol:water mixture for 
7 days at 40°C)  (X). Inset – A TEM image showing a microtomed capsule from which shell thicknesses 
are measured. These data were not collected experimentally by myself but are part of the overall effort of 
our research group to demonstrate this technology on polymer microcapsules, however they have been 
published in the article placed in appendix 
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Release studies conducted for the four samples of capsules obtained by varying the film 
growth temperature all show no significant release (a maximum of 0.1wt%, which is 
within experimental error) of the encapsulated oil into the water/ethanol bulk phase. The 
full retention of the core oil implies that a complete impermeable shell is formed in all 
cases independently of its thickness. It is expected that further optimisation of the metal 
film growth conditions could lead to sub 10 nm impermeable films. 
  
 
6.6 Conclusion 
 
Continuous homogeneous metal films were successfully grown on both 2D model 
systems (PEMA films) and 3D polymeric microcapsules (Toluene core/PEMA shell). In 
both cases platinum nanoparticulate films of known high surface density were used as a 
catalyst for the electroless deposition of complete secondary metallic films of gold.  
For the 2D model system, PEMA films with a thickness of ~3nm were successfully spin 
coated onto glass slides and used as substrates for metal film growth. AFM and SEM 
were successfully used to analyse the effect of time and temperature on the secondary 
metallic films morphology. Film thickness and roughness were both shown to increase 
with time and temperature. A two stage growth rate was observed, the catalytic Pt-NP 
surface initially promoted rapid gold film growth followed by slower autocatalytic gold 
on gold film growth.  
The increase in film roughness as films increased in thickness was shown via SEM and 
AFM to be due to increasing gold nodule size. Capsule freeze fracture was used to 
image the interior surface of a formed gold film via SEM. Initial gold nodule size and 
spacing was shown to be on the same order as the underlying nanoparticles in the Pt-NP 
film.  
A technique was developed and employed to measure gold film thickness on polymeric 
capsules via microtome and TEM. It was shown that although the thickness of the 
microtomed capsule sections were subject to several variables, the median or peak of 
film thickness distribution curves was a good measure of the mean thickness of the 
        Page 181   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
sample. Mean metal film thickness was shown to increase with increasing gold salt 
concentration in the plating solution. The relationship between gold salt in the plating 
solution and the resulting capsule metal film thickness was shown to exponentially 
approach a plateau.  
Expected gold film thickness at 100% conversion of gold salt was calculated from gold 
salt concentration and calculated available capsule surface area. It was shown that 
calculations of capsule surface area were at least a factor of 3 too high due to 
unaccounted for losses during wash cycles.  It was shown that in all but the lowest gold 
concentrations used, a large excess of gold salt is used to make the films. Therefore the 
plateauing of the measured gold film thickness can’t be attributed to depletion of the 
gold salt form the continuous phase. 
 
In order to validate the method used to measure film thicknesses using the technique 
developed to analyse microtome samples, FIB and SEM were used to incrementally 
slice through the same samples of metal coated capsules. A video of the cut progression 
through the block was constructed and therefore capsule equatorial diameter could be 
found and film thicknesses at that diameter could be measures and averaged. Film 
thickness measurements found using this method fitted well with measurements made 
from the same sample using the technique developed to analyse microtome samples. 
 
Hexyl salicylate core, PEMA shell microcapsules were used to demonstrate the 
potential of metallic shells for ‘permanently’ encapsulating low molecular weight, 
volatile molecules within a continuous phase that can dissolve the encapsulated actives. 
Bare polymer capsules release their entire contents into the ethanol−water mix within 
20 min. When a gold film was grown on the surface of the precursor polymer capsules, 
only a small fraction of the initially encapsulated oil is released over the 21 day test 
period. By mechanically fracturing the metal-coated capsules and testing the sample 
again for core release, 49% of the initial hexyl salicylate oil present in the precursor 
polymeric capsules was measured, thus confirming the presence of encapsulated oil 
within the metal shell microcapsules. 
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The hexyl salicylate core, PEMA shell microcapsules were used to measure secondary 
metal film thickness as a function of gold plating solution temperature. As the 
temperature is decreased, the measured shell thickness decreases significantly from 
150nm to 60nm. Above 60 °C, the film thickness appears to reach a plateau. Release 
studies conducted for the samples of capsules obtained by varying the film growth 
temperature all show no significant release of the encapsulated oil into the water/ethanol 
bulk phase. The full retention of the core oil implies that a complete impermeable shell 
is formed in all cases independently of its thickness. It is expected that further 
optimisation of the metal film growth conditions could lead to sub 10nm impermeable 
films.  
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7 Metal films grown directly on 
emulsion droplet surfaces 
 
 
7.1 Synopsis 
 
This relatively short chapter describes an exploratory method for growing a complete 
gold film around a Pt-NP stabilised hexadecane emulsion droplet and describes the 
evolution of the method. This work was only possible because of the knowledge gained 
in chapter 0 understanding how and why Pt-NPs adsorb at an interface. 
The explanations for the success of this work are currently somewhat speculative due to 
the lack of a fully systematic study. Nonetheless, ethanol stability studies are used here 
to successfully demonstrate the permanent encapsulation of an oil phase in water using 
this technique; demonstrating that a complete secondary metallic shell has been formed. 
Although preliminary, this work warrants inclusion in this thesis.  
 
In order to stabilise an oil-in-water emulsion with Pt-NPs creating a nano-particulate 
Pickering emulsion onto which a metal coating can be grown, we need to consider the 
following. 
 The NPs must have an affinity for the oil water interface. In addition, the energy 
of adsorption must be significantly larger than the background thermal energy 
(kT) because the Pickering emulsion needs to be stable even when there are little 
or no Pt-NPs in the continuous phase (i.e. after washing [3.3.3.2]). This is 
necessary to limit the precipitation/reduction of gold on excess Pt-NP’s in the 
continuous phase.  
 
 There needs to be little excess PVP polymeric stabiliser left over from the Pt-NP 
synthesis in order to maximise the adsorption of Pt-NPs and minimise the 
adsorption of the free PVP polymer [5.3.1]. 
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 The NP dispersion needs to be sufficiently concentrated. Chapter 5 [section 
5.4.4] shows that a low concentration favours the diffusion of the bare PVP over 
the Pt-NP and therefore should favour bare PVPs adsorption at the oil water 
interface.  
 
 The individual droplets in the  resulting Pickering emulsion need to be robust 
enough  to remain coated with a full film of NPs during likely turbulent flow 
during agitation/washing and droplet / droplet interaction when the emulsion 
creams (there are little or no NPs in the continuous phase to ‘plug’ any gaps). 
This may favour smaller droplets. 
 
7.2 Pickering emulsions formed using high purity 
Pt-NP dispersions  
 
Attempts to grow secondary metallic films on oil/water emulsions stabilised with Pt-
NPs which were synthesised with relatively high PVP concentrations (commonly used 
in the literature) were unsuccessful. This was thought to be due to the excess PVP in the 
dispersion adsorbing at the oil water interface instead of the Pt-NPs which results in 
poor secondary film coatings due to the low surface density of catalytic NPs.  
Pt-NPs dispersions synthesised with very low excess PVP stabiliser at high 
concentrations were shown to successfully stabilise oil in water emulsions [Figure 88]. 
The Pt-NPs which proved successful were synthesised with 0.0015wt% PVP and 
0.23wt% Pt salt and therefore had little excess PVP left over from the synthesis [5.3.2]. 
0.1mL of hexadecane was homogenised with 10mL of the Pt-NP dispersion for 2 
minutes [3.3.2]. The resulting Pickering emulsion creamed in minutes and was then 
washed to remove the excess Pt-NPs [3.3.3.2]. The emulsion was then redispersed and 
electroless plated using the standard plating solution [3.3.4.3].  
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Figure 88 Optical microscopy of Pt-NP stabilised hexadecane emulsion droplets (pre secondary metal 
growth stage). Homogenised at 15Krpm for 2 min and then gentle agitated by hand for 30 seconds 
[3.3.3.2].  
 
The resulting emulsion was large (~140µm diameter). After the wash cycle, under 
optical microscopy, cracks could be seen in the Pt-NP surface on a high proportion of 
the emulsion droplets. Electroless plating did not result in microcapsules with 
continuous secondary metallic films due to the lack of Pt-NPs in the cracks. Ethanol 
stability studies [3.3.5.1] showed 95% release of the hexadecane.  
 
7.2.1 Reducing the emulsion size distribution to increase droplet stability 
 
Small emulsion droplets have a higher surface area volume ratio then larger droplets. 
Therefore, although the surface tension/energy between the two phases is the same any 
change from a spherical shape has a higher energetic cost. Put another way, altering the 
shape of a large emulsion droplet costs less energy per unit volume than a small droplet. 
In order to make the emulsion droplets more robust and less prone to surface cracking 
the homogenisation speed was therefore increased from 15Krpm to 23Krpm in order to 
reduce the size of the resulting emulsion. 
Figure 89 shows optical micrographs of Pt-NP stabilised emulsion droplets 
homogenized at 15Krpm and 23Krpm.  
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Figure 89 Optical microscopy of Pt-NP stabilised emulsion droplets. Images show emulsion droplets 
homogenized at a) 15Krpm 5 min and b) 23Krpm for 5 min.  
 
The resulting, smaller, more robust emulsion droplets showed little or no surface 
cracking even after several wash cycles and good secondary metal films formed during 
the electroless plating step [Figure 90a]. 
 
 
Figure 90 SEM micrograph of (a) a representative gold coated emulsion droplet showing pinholes in the 
metal film and (b) a zoomed in micrograph of one of the pin holes and (c) a wide field image of the 
capsules. 
 
15Krpm 23Krpm 
a b 
c 
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However, SEM images revealed small semi-regular spaced holes in the secondary metal 
film [Figure 90b]. These holes were thought to be due to damage caused to the primary 
Pt-NP film at droplet-droplet contact points when the emulsion creamed after each wash 
cycle. It seems likely that the buoyancy of the hexadecane core is sufficient to 
‘compress’ the creamed layer such that the steric stability provided by the PVP on the 
Pt-NP film, on the surface of the emulsion droplet, is overcome. As a result Pt-NP on 
adjacent Pickering emulsion droplets come into close contact and adsorb to one another. 
When the cream is redispersed the Pt-NP film becomes punctured at these points. 
Ethanol stability tests showed approximately 80% release of the oil phase from these 
capsules. The implication being that 20% of the capsules have complete secondary 
metal films and kept the hexadecane core from dissolving in the ethanol phase. This was 
therefore encouraging, the following work was carried out to further improve the 
capsules.  
 
7.2.2 Pickering emulsion ‘aging’ 
 
It was subsequently found that emulsions formed by emulsifying at 23K rpm, when left 
on a carousel for 24 hours with excess Pt-NPs in the continuous phase [3.3.3.2] 
underwent a form of limited coalescence coupled with Pt-NP film multi-layering.  This 
is potentially combined with an Ostward ripening process however this is expected to be 
small because the variation in size of the emulsions is relatively small. 
Figure 91 shows the change that occurs when the newly made Pickering emulsion is left 
on the carousel for 24 hours. The emulsions size increases and becomes more 
polydisperse. Several of the droplets become non spherical.  
 
        Page 188   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
    
Figure 91 Optical microscopy showing the difference in capsule size and morphology when left on the 
carousel for 24 hours in excess NP dispersion – multi-layering and size distribution becomes larger.  
 
Figure 92 shows a zoomed image of a single emulsion droplet that has undergone this 
‘aging’ process. The stabilizing NP film clearly shows some multi-layering. It was also 
noticed that the Pt-NP films remained stable as films even when emulsion droplets were 
broken with glass slides and the films themselves became free of the oil/water interface. 
 
 
Figure 92 shows a single Pt-NP stabilized emulsion droplet that has undergone limited coalescence. The 
stabilizing NP film clearly shows some  multi-layering 
 
 
 
 
        Page 189   Metallic Encapsulation - PhD  
In Confidence P&G - CASE 
School of Chemical Process Engineering 
James Hitchcock 
7.2.2.1 Is limited coalescence occurring in our system? 
 
Limited coalescence is a mechanism whereby one phase (usually oil) is dispersed, via 
some form of homogenisation, in a continuous phase (usually water) containing a 
particulate stabiliser. In some cases the initial homogenisation step creates a sufficiently 
large surface area emulsion that the stabilising particles are insufficient in number to 
completely coat the emulsion droplets. In this case the resulting Pickering emulsion 
droplets coalesce, in a limited way, so as to lower the total surface area of the emulsion 
to the point at which the total surface is completely covered with particles. This gives 
rise to highly stable Pickering emulsions with relatively low size polydispersity [89]. 
Our system coalesces during the 24 hour aging phase, the size distribution increases and 
some droplets become non spherical. Can this aging process be described as limited 
coalescence?  
It would appear that during the aging process two mechanisms are occurring 
simultaneously. Droplets are coalescing to form larger, often non spherical emulsion 
droplets and the Pt-NP films are becoming thicker due to multi-layering [Figure 91 and 
Figure 92]. 
Post homogenisation excess NPs were clearly present in the continuous phase, it 
remained dark and only cleared approximately 3 hours into the aging process. A 
requirement of limited coalescence is that there are an insufficient number of particles 
in the continuous phase to stabilise the emulsion drop surface post homogenisation.  
The size distribution would appear to be increasing through coalescence of the emulsion 
droplets. However, upon detachment from the emulsion droplet surface Pt-NPs remain 
as stable NP sheets and do not redisperse. A requirement of true limited coalescence is 
that the particle stabiliser is able to reorganise, as a particle and not a stable film, on 
coalescing particles surfaces. Detached Pt-NP films are also able to ‘re-adsorb’ to other 
emulsion droplets forming multilayers [Figure 92]. 
It would seem then that the system is not undergoing true limited coalescence during 
this aging phase. 
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The fact that once formed the Pt-NP films remain stable as films, even on detachment 
from the emulsion droplet surface, justifies the use of the term colloidosome when 
describing the Pt-NP stabilised emulsion droplets. 
 
7.2.2.2 What is the mechanism for multi-layered stable film growth? 
 
Figure 93 shows optical micrographs of multilayer Pt-NP films which have built up 
over a period of 48 hours at a hexadecane / Pt-NP dispersion interface. The photo graph 
of the vial shows the vial from which the film was taken. In order to collect the sample a 
small spatula is dipped into the Pt-NP dispersion and then is drawn back though the 
oil/water interface.   
 
      
Figure 93 Show optical micrographs of multilayer Pt-NP films which have built up over a period of 48 
hours at a hexadecane / Pt-NP dispersion interface. The photo graph of the vial shows the vial from which 
the film was taken. 
 
Pt-NP films at 2D oil / water interfaces, over time, grow into multilayer films, these 2D 
films remain stable even after detachment from the interface. Films also remain stable 
on detachment from the 3D emulsion droplet oil / water interface, remaining as 
fragments of film in the continuous phase, the constituent Pt-NPs do not redisperse.  
How are Pt-NPs that are able to remain stable in a dispersion though steric hindrance 
able to a) form films which remain stable upon detachment into the aqueous phase and 
50µm 
Hexadecane 
Pt-NPs 
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b) are able to form multilayers either on a nanoparticle by nanoparticle basis [Figure 93] 
or by two films joining together [Figure 92]? 
The steric hindrance the individual Pt-NPs exert on each other when in an aqueous 
dispersion is somehow overcome once they adsorb at the oil water interface. Not only 
do they attach to each other in the film plane but they also allow further adsorption 
perpendicular to the plane creating multilayers. Further work is needed to understand 
this little understood process however, the following speculative explanations are worth 
making: 
 The energy of adsorption of the Pt-NPs at the oil/water interface coupled with 
the limited surface of each emulsion droplet and the ability of the Pt-NP to move 
in the plane of the interface acts to create a pressure between individual NPs in 
the film which overcomes steric hindrance and allows the Pt-NPs to get 
sufficiently close that they entangle/adsorb to each other via general Van der 
Waal type interactions?  
 
 The insolubility of the PVP stabiliser in the oil phase causes the polymer on the 
platinum nanoparticle core surface to collapse onto the Pt cores in the oil phase 
thereby reducing the steric hindrance between Pt-NPs in the plane of the 
interface allowing Pt-NPs to approach and entangle/adsorb via general Van der 
Waal type interactions? 
 
 This same effect may allow the Pt-NPs to ‘sink’ into the oil phase which over 
time may reduce steric hindrance to secondary Pt-NP adsorption from the 
aqueous phase. The repetition of the process over time could potentially account 
for the apparent overcoming of steric hindrance forces during the formation of 
multilayer films.  
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7.2.3 Proof of a complete non porous metallic shell 
 
7.2.3.1 Ethanol stability test using GC 
 
Pt-NP Pickering emulsion droplets which had been synthesised at 24Krpm and allowed 
to ripen for 24 hours and were then gold coated [3.3.3.2] and tested for permeability 
using the standard ethanol stability test via gas chromatography [3.3.5.1]. Figure 94 
shows a graph GC data showing release of hexadecane into ethanol over a period of 7 
days. 
 
Figure 94 Gas chromatography data showing stability in ethanol/water (80/20) for 7 days. Red squares 
show the percentage loss hexadecane into the ethanol after 7 days. The blue point shows subsequent 94% 
release on mechanical breakage by crushing [3.3.5.1]. 
 
Figure 94 shows that only ~3% of the hexadecane core in ethanol is released over 7 
days. This demonstrates that the majority of the emulsion droplets have been coated in a 
full non permeable metal shell with no pin holes. We see that on crushing we are able to 
release, and detect using GC, over 90% of the expected hexadecane volume. The aging 
process has therefore been successful in preventing pin hole formation. 
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7.2.3.2 Oil soluble fluorophore encapsulation in an ethanol 
continuous phase 
 
Attempts were made to encapsulate a fluorophore in the core phase. Perylene, an oil 
soluble fluorophore, was dissolved in hexadecane and used as the oil phase in the 
formation of gold coated capsules via the standard technique described above. The 
continuous phase was then swapped out for an ethanol phase via centrifugation. The 
capsules were left for 24 hours in the ethanol. The capsules were then crushed with a 
glass rod and observed in visible and ultraviolet light. 
Figure 95 a,b show the Pt-NP stabilised emultsion droplets in an aquious environment 
under visible and UV light respectively. Figure 95 c,d show the the coresponding gold 
coated capsules in an ethanol continuous phase under visible and UV light and Figure 
95 e,f show the same capsuels after crushing under visible and UV light. 
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Figure 95 (a,b) stabilised emulsion under visible and UV light, (b,c) crystalline coated microcapsules 
under visible and UV light and (e,f) crushed capsules under visible and UV light 
 
Figure 95 c,d shows that an oil soluble fluorescent dye has been successfully 
encapsulated in the core of  metal coated microcapsules. No florescence was detected 
under appropriate UV stimulating wavelengths of light. The florescence was shown to 
be blocked (not quenched) by the crystalline shell [Figure 95d].  
No release of fluorescent dye was observed over a 24 hour period in the ethanol 
continuous phase. Mechanical rupturing, of the capsules after 24 hours, with a glass rod 
revealed the fluorescent core which quickly dissolved into the ethanol phase [Figure 
95e,f].  
a b 
c d 
e f 
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7.3 Further improvement using ultrasonic 
homogenisation? 
 
Previous work in this chapter showed that increasing the homogenisation speed from 
15-24Krpm in order to reduce droplet size resulted in the formation of more robust 
Pickering emulsion droplets which were less prone to the formation of surface defects in 
the stabilising Pt-NP film. However, the smaller Pickering emulsions still proved to be 
leaky due to pin hole formation in the Pt-NP layer which were presumed to be formed 
during the creaming/wash phase of the synthesis. This problem was solved by aging the 
Pickering emulsions in excess Pt-NP in order to form NP multilayers thereby making 
the emulsion droplets more stable. These capsules showed good oil core retention in 
ethanol stability tests [7.2.3.1]. Apart from the pin holes gold coated capsules formed at 
24Krpm appear to be perfect under SEM [Figure 90].  
It was therefore thought that further reducing the emulsion droplets in size by 
homogenising using an ultrasonic probe might allow for the production of non-leaky 
gold capsules without the need for the 24hour aging step. 
0.4mL of hexadecane was sonic probe homogenised (UP200S Ultrasonic Processor 
(Scimed)) with 10mL of Pt-NPs (0.006wt%)[3.3.2] at 30% amplitude for 1min. The 
resulting ‘colloidosomes’ were then washed twice and coated with gold [3.3.4.3]. 
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Figure 96 TEM micrographs of collapsed Pt-NP colloidosomes formed by ultrasonic probe 
homogenization [3.3.3.2].  
 
TEM images of collapsed colloidosomes formed by ultrasonic probe homogenization 
show good surface structure [ 
Figure 96]. Although some cracking can be seen along the line of the wrinkle in the 
surface, no other visible cracking or pinholes can be seen in the rest of the colloidosome 
surface indicating that the cracks were formed as the colloidosome collapsed on drying 
and were not originally present. 
Figure 97 shows an optical micrograph of the resulting gold coated capsules. The insets 
show the relative size of emulsions formed via homogenisation with ultraturrax at 
15Krpm and 23Krpm.  
100nm 
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Figure 97 shows an optical micrograph of the ultrasonic probe homogenized colloidosomes [3.3.3.2] 
coated with gold [3.3.4.3]. The insets show the relative size of emulsions formed via homogenisation with 
ultraturrax at 15Krpm and 23Krpm.  
 
The capsules formed from the ultrasonic homogenized emulsions are significantly 
smaller than those formed using homogenization by Ultraturrax [Figure 97]. All of the 
capsules collapsed/popped when dried out. However, SEM revealed no visible pin holes 
in the gold surface Figure 98. The concentration of gold salt was the same for this 
experiment as for previous work [2.2.4] in which capsules did not collapse [Figure 90c]. 
The collapse of these capsules in air was put down to thinner gold film growth due to 
the large increase in surface area due to the reduced size (the volume of hexadecane 
used was the same). Future work will hopefully show that the gold coated emulsion 
droplets formed by ultrasonic homogenization show good release data and negate the 
requirement for the secondary ‘aging’ stage.  
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Figure 98 SEM micrograph of a capsule from the sample shown in Figure 97. All the capsules cracked 
open under vacuum. 
 
The broken capsules provided a good opportunity to image the interior surface. As the 
gold films grow directly on the Pt-NP stabilised emulsion droplet surface, and not a 
polymeric interface, the interior of broken capsules reveal the morphology of the initial 
gold film. Confirmation that the gold does indeed initially grow as a polycrystalline film 
on the scale of the underlying Pt-NP adsorption density as predicted in previous sections 
[6.2.1 and 6.3.1] was able to be made.  
Figure 99a show a schematic diagram of the proposed gold film growth mechanism, 
(a1, a2 and a3) are ‘to scale’ and show a TEM micrograph of the underlaying Pt-NP 
film, an SEM image of the interior gold surface and an SEM micrograph of the external 
surface of the gold film respectively. (b) and (c) show ‘to scale’ zoomed micrographs of 
the Pt-NP film and the interior gold film surface demonstating that the spacing of Pt-NP 
and gold ‘crystals’ is similar. 
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Figure 99 (a) Schematic diagram showing the proposed gold film growth mechanism, (a1, a2 and a3) are 
to scale and show a TEM micrograph of the underlaying Pt-NP film, an SEM image of the interior gold 
surface and an SEM micrograph of the external surface of the gold film respectively. (b) and (c) show to 
scale zoomed micrographs of the Pt-NP film and the interior gold film surface. 
 
 
  
(a) 
(a1) 
(a3) 
(a2) 
(b) (c) 
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7.5 Conclusions 
 
Pt-NPs synthesised using low concentrations of PVP are able to directly stabilise 
hexadecane emulsion droplets in an aqueous continuous phase. The resulting Pickering 
emulsions remain stable on washing and can be subsequently used to grow complete 
secondary gold films to form gold capsules containing ~100% oil cores. 
 
Issues with incomplete/cracked NP films on the emulsion drop interface causing 
incomplete secondary metal films was solved by increasing the homogenisation speed 
from 15Krpm to 23Krpm using Ultraturrax. This reduced the size of the Pickering 
emulsion droplets providing a more stable interface for the Pt-NP film formation. In 
addition, the emulsion was allowed to ‘age’ over 24hours in a dispersion of excess Pt-
NPs.  
Emulsion droplets which had undergone the ‘aging’ process showed clear evidence of 
multilayering in the Pt-NP stabiliseing film. The multilayering was shown to occur for 
two reasons. Firstly, NP films which detach from the emulsion droplet surface are able 
to remain as stable films in the continuous phase and can reattach over the top of 
existing Pt-NP stabilised emulsion droplets. Secondly Pt-NP films at oil / water 
interfaces were shown to grow into multilayer films over time. Several reasons were 
proposed to explain this behaviour.  
 The energy of adsorption of the Pt-NPs at the oil/water interface coupled with 
the limited surface of each emulsion droplet and the mobility of the Pt-NP in the 
plane of the interface may act to create a pressure between individual NPs in the 
film which overcomes the steric hindrance between Pt-NPs allowing them to 
approach sufficiently closely that they entangle/adsorb to each other via general 
Van der Waal type interactions 
 
 The insolubility of the PVP stabiliser in the oil phase causes the polymer 
collapses on to the Pt core surface thereby reducing the steric hindrance between 
Pt-NPs in the plane of the interface allowing Pt-NPs to approach and 
entangle/adsorb. 
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The fact that Pt-NP films remained stable as films even when emulsion droplets were 
broken with glass slides and the films themselves became free of the oil/water interface 
justified the use of the term ‘colloidosomes’ when describing the NP stabilised 
emulsion droplets 
 
Emulsions formed by emulsifying at 23K rpm and ageing for 24hours [3.3.3.2] were 
used to successfully demonstrate the potential of metallic shells for significantly 
prolonging the release of encapsulated, low molecular weight, volatile molecules within 
a continuous phase that can dissolve the encapsulated actives. Gas chromatography data 
showed stability in ethanol/water (80/20) for 7 days. By mechanically fracturing the 
metal-coated capsules and testing the sample again for core release, a 94% release of the 
hexadecane present in the precursor colloidosomes was detected. 
Ultrasonic probe homogenisation was used to further improve colloidosome stability 
with a view to potentially negating the requirement of the aging step in the synthesis. 
TEM images of collapsed colloidosomes showed good Pt-NP surface structure with no 
cracking or pinholes visible. SEM of the resulting gold coated capsules also showed 
good surface structure with no pinholes visible. It is hoped that subsequent GC testing 
will show these capsules to be ‘impermeable’ to small, volatile molecules. 
 
SEM micrographs of broken capsules provided a good opportunity to image the interior 
surface. Gold films grow directly on the Pt-NP stabilised emulsion droplet surface and 
therefore, the interior reveal the morphology of the initial gold film. Confirmation that 
the gold does indeed initially grow as a polycrystalline film on the scale of the 
underlying Pt-NP adsorption density as predicted in previous sections [6.2.1 and 6.3.1] 
was able to be made.   
 
Any metal that can be stabilised by PVP should adsorb at an oil / water interface in the 
same way as Pt-NPs. Therefore, as long as the primary metallic catalytic NPs can be 
stabilised by PVP other electroless deposition / metal pairings should work using this 
technique (see section 0 for potential alternative metal pairings).  
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8 Appendix 1 - Future work 
 
 
8.1 Potential Papers 
 
1 Control of nanoparticle density on polymeric microcapsules – data has been 
gathered which shows good control over nanoparticle adsorption densities on both 
capsule surfaces and 2D model interfaces. Good control over the nanoparticle 
adsorption density is key for controlling the morphology of the secondary 
complete metallic film. 
 
2 Controlling the morphology of metal films on polymeric microcapsules and 
emulsion droplets with a view to breakage via electromagnetic radiation and/or 
ultrasound – data has been gathered showing how variables such as temperature, 
primary nanoparticle density and electroless plating solution constitution affect the 
rate of growth and resulting morphology of the secondary complete metallic film. 
This is important because the morphology of the film affects the resulting capsules 
structural integrity and is key to the potential heating or breakage of the capsules 
using particular wavelengths of light and/or ultrasound. 
 
3 Controlled core release from metal coated polymeric microcapsules - Sufficiently 
reducing the thickness of the secondary metal shell results in nano-sized pin holes. 
This opens up the opportunity to tune the porosity of the shell and control the 
release of actives via size exclusion. We have release data from capsules with 
different shell morphologies and are working to add non-metallic particles into the 
metal shell to act as portals with porosity which could be controlled by 
environmental triggers. 
 
4 Mono-disperse metal microcapsules for use in photonic arrays 
 
5 Mono-disperse metal microcapsules for use in next generation metal composite 
foams 
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6 Using tissue transparent light  to enhanced plasmon response of size/film 
thickness tuned gold micro-capsules 
 
7 Size and shell thickness tuning of metal shell microcapsules to enhance 
ultrasonic interaction for an efficient drug delivery system 
 
8 Surface modified gold capsules as an efficient drug delivery system 
 
9 The effect of metal coated microcapsules size, surface morphology and 
chemistry on cell ingestion and toxicity 
 
8.2 Pharmaceuticals 
 
Existing micro-encapsulation methods tend to be leaky due to the use of semi-porous 
polymeric shells; our gold films act as a barrier to virtually any molecule and prevent 
leakage. Gold is inert and provides a surface for the attachment of biological moieties 
and therefore our capsules are ideal for targeted delivery of drugs without any release 
until activated. 
 
Biocompatibility/ targeting / cell ingestion of capsules – the following papers may be 
useful sources of information if one was to attempt to attach biological material to the 
surface of the capsules in order to promote biocompatibility, cell targeting/ingestion: 
 Control over the surface roughness control the density of adsorbed biological 
moieties [86] 
 Biomedical Applications of Gold Nanoparticles: Opportunity and Challenges - 
Look at drug delivery section [90]. 
 Review paper on functionalising metal NPs for bio apps - [91]. 
 Lui et al. discuss and demonstrate the adsorption and testing of HD-DNA on 
gold surfaces on QCM [86] 
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Release mechanisms- The metal film characteristics should be optimised for remote 
capsule breakage via laser or ultra-sound. Using our capsules Professor Sukhorukov 
(Queen Mary University of London) has already demonstrated remote breakage via 
laser and  ultra-sound. This fits very well with Professor Freear’s (University of Leeds) 
work in this area. One could attempt to tune the shell morphology to maximise response 
to tissue transparent wavelengths of sound /light in order to maximise tissue penetration. 
The following papers may be useful sources of information for this area: 
 Tzur-Balter et al. have demonstrated in vivo and in vitro dissolution of 
nanostructured porous silica.  Introducing these biodegradable portals into the 
metal film may enable a timed release of the capsule core within the body [92]. 
 Sukhorukov et al. used ultrasound to fracture polymeric capsules [93]. 
 Wang et al. – photo-thermal (laser excitation) of gold nanorods for cancer 
treatment (Astbury group Leeds) [94]. 
 Tommy Horozov [84, 95] and Binks et al. have looked at stabiliseing emulsion 
droplets and 2D liquid/liquid interfaces with a mixture of Silica NPs and 
cationic surfactant (CTAB) [96]. 
 
8.3 Advanced materials photonics/plasmonics and 
metal micro foam composites   
 
Photonics/Plasmonics/Metal micro-foam composites – There is potential to use metal 
nano/micro-foams as photonic arrays for use in photovoltaics, optics, photo-catalysts or 
metal composite foams with unusual structural qualities. The following papers may be 
useful sources of information for this area of work: 
 
 Jiang et al. developed a technique for depositing a monolayer of silver shelled 
NPs for photonics [97].  
 Paper makes Silver shells for photonic crystal fabrication [74]. 
 Lovely monodisperse SiO2 particle  photonic crystals [98]. 
 Growing different shaped NPs – may be transferrable to the Au surface [21]. 
 Constructing opal structure of monodisperse silver coated silica particles [97]  
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Growth of quantum dot/nano-wires on metallic surface There may be some merit in 
growing secondary nanostructured inorganic or even hybrid organic/ ínorganic photo-
active components on the surface of the metal microcapsules for use in solar cells. 
Metallic films provide good opportunity for the surface growth of nano-stuctures [85] 
The huge microcapsule surface area could potentially allow for increase efficiencies 
over equivalent flat 2D interfaces. He et al. grow gold nanowires from adsorbed Au-
NPs if these could be swapped for Pt and grown on the surface of a capsule it may 
exhibit a high level of catalytic activity [99] . 
 
8.4 Metal bubbles for low density materials with 
unusual thermal  
 
Pt-NPs can be shown to form films at water/air interface [Figure 100]. It may be 
possible to use Pt-NPs to stabilise bubbles with a view to growing secondary films to 
form metal bubbles. The following papers may be useful sources of information for this 
area of work: 
 Mechanics of hollow sphere foams [100]. 
 Manufacture, characterisation and application of cellular metals and metal foams 
[101]. 
 
  
Figure 100 Microscopy images of the film of NP’s formed at an air water interface after several weeks. 
Very robust, appears to be more than one NP thick. Maybe NP’s behave differently at an oil-water 
500um 250um 
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(liquid-liquid) interface than they do at a water-polymer (liquid-solid) interface NB move this to future 
work bubble section I have an experiment running to show growth at and oil water interface    
 
8.5 Minimising the use of secondary metal 
 
8.5.1 Producing smooth thin secondary metal films 
Much work has been undertaken in the metal plating industry to achieve smooth 
crystalline growth. Usually additives are used during the plating process which restrict 
crystalline growth in certain planes allowing for uniform complete films (mostly this is 
done to improve lustre). Taking advantage of some of this technology may allow for the 
production of smoother gold films and therefore improve efficiency. 
 
8.5.2 PVP stabilised silica with interstitial Pt-NPs 
Using ‘large’ non porous PVP stabiled SiO2  particles as a stabilier for a Pickering 
emulsion and then adsorbing PVP stabilised Pt-NPs to the interstitial liquid-liquid 
interface between the SiO2  particles may allow for the growth of secondary metal only 
in these sites. Steric hindrance between the polymer on the SiO2  particles and the NP’s 
should restrict adsorption onto the silica. SiO2  particles would have to be relatively 
large for there to be enough space between them for NP adsorption to take place.  
Bollhorst et al. look at tailoring the inter-particle pore size in sub-micron Pickering 
emulsions and colloidosomes [40]. 
 
8.5.3 Amorphous/crystalline nonporous glasses as shells 
Look into the possibility of growing non-porous amorphous or crystalline NP glasses 
such as SiO2 in aqueous solution. Attempt to grow films on polymeric shells or SiO2 
Pickering emulsions to ‘plug the gaps’. High quality Al2O3 films are grown on silica in 
an aqueous environment in the following paper [102].  
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8.6 Alternative metals shell synthesis 
 
8.6.1 Alternative combinations / methods 
 
Deposition of nickel growth on palladium - The following papers may be useful 
sources of information for this area of work: 
 Growth of Palladium NP on PS-Latex particles – for catalysis (Suuki-type for 
formation of carbon-carbon bonds) [103]. 
 Lin et al. grow Ni shells on polyelectrolyte-modified PMMA beads using direct 
Ni+ ion adsorption and reduction – very simple [70]. 
 Electrolytic adsorption and insitu-reduction of palladium ions - Palladium ions 
from a palladium salt will adsorb onto a polyelectrolyte brush (negatively 
charged polymer). These ions can then be reduced insitu to produced stabilized 
palladium nanoparticles [61].  
 Kondo et al. photo-chemically deposit Pd(0) from adsorbed Pd(II) ions – used to 
grow copper on 2D printed circuit boards but could be used for Ni [104]. 
 
Deposition of gold/copper on platinum/silver - The following papers may be useful 
sources of information for this area of work: 
 Sanlés-Sobrido et al. adsorb Pt-NPs onto and into submicron sized particles to 
create highly active nanoreactors [62]. 
 The following paper describes electroless copper growth Copper on silver NPs 
2D [105].  
 Adsorbing / embedding pH destabilised NP’s on polymeric capsules - Prepare 
polymeric capsules, via  co solvent precipitation, in the presence of destabilised 
PAA-Pt  (Adapt the following  technique [55]). PAA-Pt are negatively charged 
and destabilise in an acidic environment in order to adsorb them onto a 
polymeric interface. The following paper provides information about the  
interplay between PAA-Pt and the raw PAA[96].   
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 Tin ions can be used as a catalyst for atomic platinum growth -  Use of ‘atomic’ 
platinum as a catalyst. Adapt a technique which uses Tin-Porphyrin to create  
silica/platinum - core/shell particles [106, 107]. These methods could be 
transferred onto 3D silica nanoparticle Pickering emulsions. Alternatively 3D 
negatively charged polymeric capsules could be formed [106, 107]. 
 The following paper describes the use of a Tin - Porphyrin complex as a 
Photocatalyst for Platinum deposition  [107]. 
 
Deposition of silver on gold - The following papers may be useful sources of 
information for this area of work: 
 Larson-smith et al. use thiol-terminated polyethylene glycol (PEG) chain 
stabilised gold nanoparticles to form Pickering emulsions [49]. Silver films 
could be grown directly on the picking emulsion surface. 
 Yamanaka et al. form water in oil Pickering emulsions stabilized with 
mercaptocarboxylated Au nanoparticles [48]. Silver films could be grown 
directly on the picking emulsion surface. 
 Metallic Ligand - Lee et al.l successfully use Crown ether derivatives to 
precipitate out gold at an oilẃater interface  [47]. 
 
Deposition of copper growth on copper - The following papers may be useful sources 
of information for this area of work: 
 Haas, I., Shanmugam, S., Gedanken, A. Pulsed sonoelectrochemical synthesis of 
size-controlled copper nanoparticles stabilized by poly(N-vinylpyrrolidone) 
(2006) Journal of Physical Chemistry B, 110 (34), pp. 16947-16952. Cited 79 
times. 
 Jianfeng, Y., Guisheng, Z., Anming, H., Zhou, Y.N. Preparation of PVP coated 
Cu NPs and the application for low-temperature bonding (2011) Journal of 
Materials Chemistry, 21 (40), pp. 15981-15986. Cited 20 times. 
 
 
Deposition of copper growth on Palladium - The following papers may be useful 
sources of information for this area of work: 
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 Reduction of catalyst in ion form on surface - Patchan et al. – Sn – Pd - Nickel 
method  [72] 
 Kondo et al. photo-chemically deposit Pd(0) from adsorbed Pd(II) ions – used to 
grow copper [104]. 
 
8.6.2 Nickel-Boron hard low friction microcapsules/particles 
It may be possible to grow nickel-boron alloy on the surface of microcapsules/emulsion 
droplets or particles. The following papers may be useful sources of information for this 
area of work: 
 Riddel et al. demonstrate an improved method for 2D growth Ni-B via electro-
less deposition [108]. Used for composite materials, for example, SiO2 core 
Ni-B shell particles for friction reduction? Also [109]. 
 Electroless Ni–B coatings: preparation and evaluation of hardness and wear 
resistance [110]. 
 Corrosion resistance of electrodeposited Ni–B and Ni–B–Si3N4 composite 
coatings [111]. 
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8.8 Variable flow buoyancy pinning using a 
controlled flow environment 
 
One could potentially create a ‘one pot’ continuous flow environment in which NP 
adsorption, washing and secondary metal film growth can be carried out. This would 
potentially allow for a very gentle environment for synthesis of, for example, metal 
coated bubbles or thin coated emulsion droplets (no creaming or violent wash steps). 
Tailored flow would allow for the selection of emulsion droplets/bubbles with mono 
disperse size distributions for use in, for example, photonic arrays. Figure 101 shows a 
schematic diagram of potential rig. 
 
Figure 101 Schematic diagram for a variable flow buoyancy pinning using a controlled flow environment 
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8.9 Self-healing materials  
Generally the requirements of microcapsules for use in self-healing materials are that 
they do not leak but will break as and when a micro crack moves though the material 
surrounding them.  Often the released ‘healing’ material is a two part epoxy type 
material which only hardens one the mixing of both parts residing in different cores. 
Alternatively, one of the parts can reside in the continuous phase. Non porous metal 
capsules may be well suited to this application [112]. 
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9 Appendix 2 – Paper 
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